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ABSTRACT 
Mutualistic Interactions in the Microbiological 
Control of Lymantria dispar (L.) 
(May 1978) 
Richard Alan Daoust, B.S., University of Massachusetts 
M.S., University of Massachusetts, Ph.D., University of 
Massachusetts 
Directed by: Professor Haim B. Gunner 
The pH in the mesenteron of gypsy moth larvae, Lyman¬ 
tria dispar (L.), was manipulated by various techniques in 
» 
an attempt to enhance the pathogenicity against this pest 
by selected chitinolytic microorganisms, originally isolated 
from healthy caterpillars. Pathogen virulence was increased 
by creating an internal pH more optimal to the action of 
chitinases in the degradation of the chitinous peritrophic 
membrane lining the mesenteron of pest larvae. 
L. dispar isolates identified as Erwinia herbicola 
varieties demonstrated the highest chitinase activity. The 
best inducer of chitinase was crude commercial chitin, al¬ 
though considerable activity was also shown on purified col¬ 
loidal chitin. Chitinolytic isolates grown on substrates 
devoid of chitin, but including protein and carbohydrate 
sources, also produced chitinase. Chitinase activity in¬ 
creased during the stationary and decline phases of culture 
vi 
growth, presumably being released as an endocellular enzyme 
upon cell lysis. Chitinolytic isolates also produced protease 
as a constitutive exocellular enzyme. The optimum pH for 
chitinase activity was shown to be between 5.5 and 6.1 for 
all strains. 
The pH of the mesenteron of L. dispar larvae was 
alkaline (ca. pH 8.5). This was, therefore, a major barrier 
to the action of chitinase in the degradation of the peri- 
trophic membrane. For this reason the internal pH of pest 
larvae was altered by feeding acidic compounds (organic and 
inorganic), fermentative bacteria and entomopathogens, such 
as Bacillus thuringiensis. Chitinolysis of the membrane 
facilitated the penetration of viable microorganisms and 
increased the leakage of toxic substances from the alimen¬ 
tary tract into the hemolymph. 
The administration per os of acidic compounds to gypsy 
moth larvae resulted in an effective decline in larval midgut 
pH. Citric and ascorbic acids were the most effective in 
altering larval midgut pH and when these acids were fed 
prior to chitinolytic microbes, synergistic increases in 
mortality were achieved over the chitinolytic bacterial doses 
given alone. Acidic compounds proved to be nontoxic when 
fed to larvae by themselves. 
Lethal doses of B. thuringiensis also produced declines 
in mesenteron pH of larvae from about 8.5 to 6.0. The 
Vll 
reduction in midgut pH was apparently due to the solubiliza¬ 
tion of 6-endotoxin crystals in the alkaline midgut. B. 
thuringiensis added to both crude culture aliquots and crude 
supernatants from centrifuged cultures of chitinolytic iso¬ 
lates enhanced mortality over individual doses administered 
alone. 
Fermentative acid-producing bacteria isolated from 
healthy L. dispar, although nonpathogenic, also effectively 
lowered larval mesenteron pH. When these fermentative iso¬ 
lates were combined with both crude culture aliquots and 
supernatants from centrifuged cultures of chitinolytic iso¬ 
lates, synergistic increases in mortality we.re produced. 
The principle role of these fermentative isolates was in 
poising midgut pH to enhance the action of chitinolytic bac¬ 
teria and chitinases. This was confirmed through the micro¬ 
scopic examination of cadavers and by classifying moribund 
and dead larvae according to their symptoms and mode of death. 
Although in vitro studies showed that other bacteria 
isolated from environments foreign to the gypsy moth could 
ferment carbohydrates with acid production at an alkaline pH, 
in vivo studies demonstrated that these bacteria were incap¬ 
able both of poising larval midgut pH and of enhancing mor¬ 
tality when added to chitinolytic bacteria. Microorganisms 
isolated as resident flora from healthy larvae were, there¬ 
fore, ecologically better adapted to the pest. 
• • • 
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INTRODUCTION 
Recent controversies regarding the adverse nature 
on the environment of chemical insecticides in the regula¬ 
tion of insect pests have provided impetus for a reassess¬ 
ment of insect control by biological agents. As an aware¬ 
ness is gained of the impact of indiscriminate, polluting 
and often expensive dissemination of chemical insecticides 
more consideration is being given to these novel approaches 
which cause the least disruption to the environment yet pro¬ 
vide an effective regulation at an affordable cost. 
One major forest pest for which biological agents 
have been used in an effort to thwart attack against forest 
stands is the gypsy moth, Lymantria dispar L. Among micro¬ 
bial agents which have been applied to reduce gypsy moth 
infestations are insect pathogens such as Bacillus 
thuringiensis and L. dispar L. baculoviruses. Although 
these pathogens have demonstrated some success in regulating 
gypsy moth populations they have often produced equivocal 
results. Research has shown that a number of factors im¬ 
pinge upon the ultimate effectiveness of these microbial 
insecticides: time of application, weather conditions, pest 
density, methods of insecticide application and concentra¬ 
tion and formulation of spray doses influence the efficacy 
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of B. thuringiensis and other microbial insecticides. In 
addition, the defense barriers which insects possess may 
lessen the susceptibility of larvae to infection. In the 
same vein, when natural barriers to infection are penetrated 
in pest populations the incidence of microbial infections 
increase. 
Although insect pathogens have been examined in some 
detail for the regulation of insect pests, few attempts have 
been made to examine microorganisms existing in an ecolog¬ 
ical balance with pests which could be manipulated so as 
to become pathogenic. This dissertation is based on the 
premise that a delicate interaction exists between certain 
insects, such as the gypsy moth, and the normally passive 
microflora harbored by the pest. Through the manipulation 
of certain characteristics of selected resident microflora 
obtained from insect pests and by altering the susceptibility 
of the pest species itself to disease, it was theorized that 
an effective approach to insect control could be devised. 
The objective of this dissertation is to examine the 
ability of selected resident microflora, isolated from 
healthy L. dispar L. larvae, after induction for chitinase, 
to elicit either singly or synergistically a pathogenic 
response when fed to gypsy moth larvae, at the same time as 
an attempt is made to alter the internal environment of the 
pest so as to increase microbial growth and provide optimal 
conditions for chitinolytic action by the pathogen. 
LITERATURE REVIEW 
Gypsy Moth 
History and Control of the Gypsy Moth. The gypsy moth,^ 
Lymantria dispar L., has been implicated as the most destruc¬ 
tive forest-insect pest in the eastern United States (8, 12, 
146). Since the escape of this pest from the laboratory 
of a scientist in 1869, more than 40,000,000 acres of forest 
have been destroyed in the northeast (8). Recent investi¬ 
gations have indicated that this voracious forest defoliator 
is spreading with increasing frequency to the west and south 
with many new spot infestations being sighted (2). Brown 
indicated that more than 100,000,000 dollars had been spent 
by 1968 to avert spread and to control isolated infestations 
(8). Recent predictions suggest that losses to commercial 
forest stands may exceed earlier estimates when an integrated 
view is taken involving not only dollar value of forest 
products but job opportunities, aesthetics and other para¬ 
meters (80). McCay et al. have developed a method for the 
economic analysis of gypsy moth defoliation to commercial 
forest stands (80). Payne et al. have similarly produced 
cost-benefit figures for losses to aesthetic, recreational 
and residential property (94). 
3 
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Defoliation by L. dispar caterpillars frequently 
leads to development of a root-rot fungus and secondary in¬ 
sect attack on many broad-leaved deciduous trees and shrubs 
(64). In New Jersey, Kegg indicated that as a result of 
oak deaths due to fungal rots, birch trees began to replace 
oaks in various National parks (64). 
Eradication and suppression of the gypsy moth from 
1890 to the advent of modern insecticides has been reviewed 
by Barger (2). Early methods of control involved creosote 
applications to egg masses, banding trees with burlap and 
sticky materials, spraying with lead arsenate and the im¬ 
portation of natural enemies from Europe and Japan (2). 
From 1944 through 1957 the insecticide DDT was widely used 
in control programs (89). The deleterious effects of DDT 
and other chlorinated hydrocarbon ("hard") insecticides have 
been recorded and are discussed elsewhere (49, 50). The 
problems resulting from the widespread distribution of these 
insecticides induced fereral action to remove these chem¬ 
icals from common use in the United States. By 1969 a re¬ 
port of the Secretary's Commission on Pesticides to the 
U. S. Department of Health, Education and Welfare stated: 
Abundant evidence proves the widespread distribution 
of DDT and its metabolites (principally DDE) in man, 
birds, fish, other aquatic organisms, wildlife, soil, 
water, sewage, rivers, lakes, oceans and air. Evi¬ 
dence also demonstrates that these materials are 
highly injurious to some nontarget species and threaten 
other species and biological systems. Elimination 
of all nonessential uses should be achieved and the 
period of 2 years is recommended to assure achieve¬ 
ment without excessive economic disruption (133) . 
In 1958 the insecticide carbaryl (1-napththyl-n-methyl 
carbamate) was substituted for DDT against the gypsy moth 
because of the controversies surrounding DDT residues in 
the environment (2). Although carbaryl (Sevin) demonstrated 
good pest suppression and residual concentrations did not 
remain in the environment for long periods, this insecti¬ 
cide was found to be toxic to predaceous Calosoma sycophanta 
and C. frigidum, the hymenopterous parasitoid Brachymeria 
intermedia and honeybees (68). The former predators and par¬ 
asites are important in the regulation of natural populations 
of the gypsy moth (68). 
Trichlorofon, dimethyl (2, 2, 2-trichloro-l-hydrox- 
yethyl) phosphonate, has similarly produced effective gypsy 
moth control, however, this insecticide was found to be toxic 
to dipteran parasitoids and provided poor control when ap¬ 
plied in a season with wet and cold weather (68). 
Since 1958 many chemical insecticides have been em¬ 
ployed in gypsy moth eradication and control programs (2). 
It is the responsibility of the Animal Plant Health Inspec¬ 
tion Service (APHIS) in cooperation with the U. S. Forest 
Service to screen these insecticides (2). One insecticide 
that has undergone recent screening is Gardona, (2-chloro-l, 
2, 4, 5-trichlorophenyl) Vinyl dimethyl phosphate, which 
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one researcher used effectively against the gypsy moth (28). 
However, Barger et al. in 1975 showed the failure of Gardona 
to protect foliage or to reduce egg-mass density (2). 
In light of the many problems produced by chemical 
insecticides including: toxicity, environmental contamina¬ 
tion, expense, ineffective control and reduction of natural 
predators and parasite populations, much interest has de¬ 
veloped concerning the use of microbial pathogens to control 
the gypsy moth. This is documented by the change in empha¬ 
sis in recent years by the U. S. Forest Service from chem¬ 
ical insecticides to the use of bacterial and viral patho¬ 
gens. In addition, parasite and predator introductions are 
assuming a major regulatory role in gypsy moth suppression. 
A discussion of this approach and other techniques can be 
found in a recent review of control procedures by Leonard 
(68) . 
Microbial Pathogens of the Gypsy Moth. Microorganisms form 
an important complex in the regulation of natural populations 
of the gypsy moth, Lymantria dispar L. (13, 14). According 
to Campbell and Podgwaite a nuclear polyhedrosis virus rep¬ 
resented the primary mortality factor of this lymanterid 
in dense populations, while parasitoid involvement and non- 
infectious disease produced a major regulatory role in sparse 
populations (15). The nuclear polyhedrosis virus (NPV), 
referred to as "wilt," was recognized by early workers to 
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produce epizootics leading to the collapse of dense popula¬ 
tions (39). The objective of early studies was to learn 
enough to facilitate the manipulation of the pathogen for 
regulation of pest populations (123). 
Aerial spraying of the nuclear polyhedrosis virus has 
demonstrated some success against gypsy moth infestations 
(78, 105). Insect viruses are now under consideration for 
registration in the United States (128). Gulij et al. in¬ 
dicated that an experimental viral insecticide, Virin-Ensh, 
has been produced in the Soviet Union (43). In Japan, scien¬ 
tists have conducted more research on a cytoplasmic polyhe¬ 
drosis virus than on NPV (68). 
Although bacterial pathogens assume a minor role in 
controlling natural populations a vast complex of organisms 
was recovered from gypsy moths which had succumbed to disease 
(15). Podgwaite and Campbell isolated and identified eighty- 
six pathogenic aerobic bacteria from naturally occurring 
diseased gypsy moths (96). Among these pathogenic isolates 
were members of the families: Bacillaceae, Enterobacteriaceae, 
LactobacillaCeae and Achromobacteriaceae (96). The bacteria 
which were most frequently implcated as disease producing 
agents were Streptococcus fecalis, Bacillus cereus, Bacillus 
thuringiensis, Group C Enterobacter types (including Serratia 
marcescens and Proteus spp.) and Pseudomonas spp. (96), 
8 
S. fecalis has probably been implicated most frequently 
as a major pathogen responsible, in conjunction with NPV, 
for epizootics in dense forest populations (20, 25, 26, 
29). Doane referred to natural infections produced by S. 
fecalis as "brachyosis" due to the shrunken appearance the 
larvae assumed (25) . He indicated that field applications 
of S. fecalis prevented defoliation by dense gypsy moth 
populations; however, pathogenicity against healthy second- 
instar larvae was low under laboratory conditions (25) . 
Bucher noted earlier that S. fecalis can infect only if pre¬ 
disposing factors are present (10). Some authors have sug¬ 
gested that a NPV or "wilt” may. be necessary as a predispos¬ 
ing factor in order for S_. fecalis to become infective (27, 
29) . 
Another group of pathogens which has been examined 
extensively as control agents against L. dispar is the 
Bacillaceae. Most noted is Bacillus thuringiensis and its 
various strains. Although B. thuringiensis attack produces 
only a small proportion of natural deaths, its virulence in 
the laboratory has provided the impetus necessary for wide 
scale field application to assess its control potential. 
Control attempts using B. thuringiensis have been equivocal. 
Lewis and Connola indicated that commercial preparations of 
this pathogen did not cause significant reductions in the 
larval populations (71). The limited success obtained was 
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due primarily to application problems and a lack of know¬ 
ledge of the ecological interactions of the insect with this 
pathogen (71). Others concur with these results indicating 
that although foliage protection could be achieved with high 
spray concentrations, desired population reduction was dif¬ 
ficult to achieve (30, 72). Dunbar et al. similarly demon¬ 
strated that three formulations of B. thuringiensis were 
ineffective against the gypsy moth, allowing more than 50% 
defoliation to occur (33). 
On the other hand, some researchers have shown that 
certain strains of B. thuringiensis produced encouraging 
results in field trials comparing favorably to DDT, carbaryl 
and other insecticides (16, 146). Research by Yendol et al. 
showed that gypsy moth larvae could discriminate between high 
and low concentrations of B. thuringiensis (147). For in¬ 
stance, larvae in the laboratory consumed a greater amount 
of untreated than treated leaves. However, when molasses 
was added to commercial bacterial preparations, the consump¬ 
tion of untreated leaves did not differ significantly from 
those treated with B. thuringiensis concentrations. This 
may partially explain the equivocal results produced on the 
efficacy of B. thuringiensis. 
t 
Members of the Enterobacteriaceae have not been ex¬ 
tensively examined as potential control agents. However, 
Podgwaite and Cosenza have characterized a nonpigmented strain 
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of Serratia marcescens which was found to be highly patho¬ 
genic for early instar larvae (9 7) . Although early workers 
recognized S. marcescens as an insect pathogen, little in¬ 
formation is available on the invasive mechanism of this or¬ 
ganism (124, 126). Podgwaite and Cosenza have recently re¬ 
ported that S. marcescens invaded the hemolymph of healthy 
and predisposed insects through the gut wall and mortality 
resulted due to a septicemia (98). However, these authors 
indicated that this pathogen could not be effectively uti¬ 
lized as a conventional microbial insecticide. 
As mentioned previously, other aerobic bacterial iso¬ 
lates have been recovered from dead L. dispar including: 
Pseudomonas spp.^ Proteus spp. and Bacillus cereus (96). 
B. cereus has been exclusively isolated from dead insects 
in dense infestations, while Pseudomonas spp. and Proteus 
spp. were recovered from sparse populations (96). Labora¬ 
tory feeding trials on the latter two species indicated that 
these isolates produced, on the average, less than 20% 
mortality and these pathogens did not represent a signifi¬ 
cant factor in natural control (96). These pathogens must 
thus await more conclusive research before they can be viewed 
as potentially effective control agents. 
Stressors and Synergistic Additives Enhancing Microbial 
Infections. Natural viral and bacterial epizootics frequent¬ 
ly cause the decline of dense populations following several 
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years of heavy defoliation by the ravages of L. dispar. 
The manipulation of these pathogens in biological control, 
however, is often hampered by the caterpillars' resistance 
to artificial infections. A complex of integrated factors 
seem to play a role in the susceptibility of the insect to 
the pathogen. Some research has suggested that effective 
application of these pathogens can result only if stressors 
or combined treatments are available to weaken the insect's 
defenses leading to a predisposition to infection (75, 143). 
Steinhaus considered the effects of crowding as a 
possible stress factor predisposing insects to disease (125). 
A number of authors have examined environmental conditions 
as stressors which accelerate development of diseases like 
NPV and cytoplasmic polyhedrosis viruses (136, 143). Wallis 
showed that with sharp rises in relative humidity, the in¬ 
cidence of polyhedrosis increased (136). Most widely stu¬ 
died have been chemical stressors which, it has been the¬ 
orized, would increase the larvae's susceptibility to patho¬ 
gens (75, 136, 142, 144, 145). Yadava in two separate studies 
tested chemical stressors including boric acid and "wasser- 
glas" (Na2SiC>3) in field applications and administered per 
os in the laboratory (142, 144). He demonstrated that these 
chemicals in the appropriate concentrations enhanced the 
effective lethality of the virus. Luhl more recently demon¬ 
strated that FeSO^ and CuSO^ had a synergistic effect and 
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increased the mortality of the larvae tested (75). On the 
other hand, Wallis administered chemical stressors in labor¬ 
atory tests (hydroxylamine and potassium nitrite) and man¬ 
aged to only slightly increase the incidence of polyhedrosis 
(136) . 
Fewer attempts have been made to add stressors to 
enhance the action of B. thuringiensis against the gypsy 
moth. Doane and Wallis markedly increased the mortality of 
gypsy moth larvae by adding 1% boric acid to B. thuringiensis 
treatments (30). 
A number of researchers have used the enzyme chitinase 
as an additive to B. thuringiensis preparations against the 
spruce budworm, Choristoneura fumiferana (24, 85, 114, 115). 
The action of chitinase presumably facilitated the entry of 
the bacterial pathogen from the alimentary tract into the 
hemolymph by effecting a lesion in the chitin-containing 
midgut lining (113). Dubois demonstrated that microbial 
chitinases could hydrolyze chitin polymers which resulted 
in significant degradation of the peritrophic membrane of 
the gypsy moth both in vitro and in vivo (31). This author 
has more recently used chitinolytic microorganisms and their 
chitinases in combination with various bacterial pathogens 
as synergistic additives to enhance pathogenicity against 
the gypsy moth. 
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Chitin 
Distribution and Significance of chitin. Chitin, a polymer 
containing N-acetyl-D-glucosamine residues, is a ubiquitous 
structural material considered to be the second most abun¬ 
dant organic compound in nature, the fungi constituting its 
main source (107). Chitin was discovered in the alkaline 
resistant fraction of fungi by Braconnot in 1811 and was later 
named chitin by Odier (7, 91). The polymer is a straight 
chain of N-acetyl-D-glucosamine (2-acetamido-2-deoxy-D-glu- 
cose) residues which are linked by 81+4 glycosidic bonds (44) . 
The structure of chitin is shown below: 
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Chitobiose, the dimer of N-acetyl-D-glucosamine (NAG), is 
the structural repeating unit of the polymer (44). Prodi¬ 
gious quantities of chitin are produced in crustaceans, shell 
fish and insect cuticle in addition to fungi (103). 
Chitin is widely distributed in the plant and animal 
kingdom as a structural material (103, 55, 56). In fungi, 
chitin occurs as a major constituent in the mycelial wall, 
structural membranes, skeletal material of fungal spores and 
in association with other polysaccharides, such as glycans 
and mannans (109). Blumenthal and Roseman, examined 25 
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strains of fungi and found that from 2.6 to 26.2% of the dried 
mycelium was chitin (6). However, Ruiz-Herrera more recently 
reported values in some genera to be as high as 61% (107) . 
The Chlorophyceae (green algae) constitute the only 
other member of the plant kingdom which possesses chitin 
(109). Chitin is a constituent of the cell membrane of the 
green algae, while the Cyanophyceae (blue-green algae) con¬ 
tain NAG residues and muramic acid in their cell walls, but 
chitin per se is not present (56,109). 
Chitin has not been demonstrated in higher plants 
which utilize nitrogen-free sugars in building structural 
components (56). Among animals, chitin has been demonstra¬ 
ted in numerous lower invertebrates and has been shown to 
be a major structural component, in association with pro¬ 
tein, in various anatomical structures of arthropods (103). 
Chitin, sometimes referred to as animal cellulose, serves 
a function in invertebrates similar to that of cellulose in 
plants (55). Both polysaccharides have related structures 
and serve as structural supports as well as defense barriers 
against external invasion (109). Several reviews exist dis¬ 
cussing the distribution and occurrence of chitin among an¬ 
imals (103, 109). This aminopolysaccharide has been demon¬ 
strated in protozoan cysts, coelenterates and in a number 
of mollusks including snails and squid (109) . Chitin is 
also present in the jaws, bristles and gut lining of 
Anneleda and in the egg shells of some Nematoda and Acantho- 
cephala (109). 
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Chitin is the major component of insect exocuticle 
and frequently attains a highly stable state due to cross- 
linkage with protein structures (106). In addition, the 
polysaccharide is found in insect wings, the rhabdom of in¬ 
sect eyes, the lining of trachea and the alimentary tract 
of insects (103). The foregut and hindgut are ectodermal 
in origin and are lined with chitin-containing cuticle as 
are other ectodermal invaginations, including the trachea 
and lower genital ducts (121). The midgut, on the other 
hand, is of mesodermal origin and lacks a comparable cuti¬ 
cle, but is instead lined by a thin chitinous sheath refer¬ 
red to as the peritrophic membrane (103, 121, 140). 
Chitin-protein Complexes. Chitin is closely associated 
with other materials in animal and fungal tissues, which 
results in some degradation during isolation procedures. 
In insects, chitin is often referred to as "native chitin" 
which Jeuniaux defines as the degradation product of natur¬ 
ally occurring chitin-protein complexes (56). It is native 
chitin that composes chitinous structures whereby chitin 
serves as the prosthetic group for glycoproteins or muco- 
proteins. 
While the polymer of chitin is homogeneous, except¬ 
ing the occasional deacetylated residues, this structural 
component is afforded special properties in insect struc¬ 
tures through the extensive cross-linking with proteins to 
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produce glycoproteins. The degree of polymerization between 
protein and the prosthetic sugar residues is dependent on 
the particular structure. Jeuniaux has categorized chitin 
structures into several groups depending upon the degree 
of polymerization to proteins (56). Flexible chitinous struc¬ 
tures included the procuticle of intersegmental membranes 
and the peritrophic membrane (56). These structures contain 
protein-chitin complexes, however, the protein fraction, 
referred to as "arthropodins," is not cross-linked by tan¬ 
ning reactions. Sclerotized chitinous structures, on the 
other hand, have protein-chitin complexes which have been 
hardened by quinone tanning (56). A third category con¬ 
sists of calcified chitinous structures. 
The nature of the chitin-protein cross-linkage is 
of critical importance in the assessment of the action of 
chitinase on its bound substrate. Jeuniaux used purified 
chitinases to estimate the proportion of chitin bound or 
not bound to other substances in various chitinous structures 
(58). The "free chitin" was hydrolyzed by pure chitinases 
in the intact structure, while the "bound chitin" was only 
hydrolyzed by chitinases after extraction with hot alkali 
which removed much of the bound protein (56). Jeuniaux in¬ 
dicated that most chitinous structures possess little free 
chitin with respect to that of bound chitin (e.g., usually 
4-30% of the total chitin is free (56). However, two 
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exceptions are the shells of mollusks (32-85% of the total 
chitin is free) and the peritrophic membrane of insects 
(25-68% is free). 
Peritrophic Membrane. The peritrophic membrane is reportedly 
formed along the length of the midgut, presumably as a secre¬ 
tion product of the midgut epithelial cells (121). The 
membrane is permeable to digestive juices and products of 
digestion and apparently serves to protect midgut epithelial 
cells from abrasion, similar to mucus in the vertebrate stom¬ 
ach (52). Richards indicated that the peritrophic membrane 
contained both chitin and protein and he referred to the 
protein fraction as "arthropodin" or unbound protein (103). 
As mentioned previously, the extent of free chitin in this 
thin extracellular sheath may be as high as 68% (56). 
The peritrophic membrane is apparently composed of a 
system of strands arranged in a network pattern (56). The 
strands vary in size depending on the species but are gener¬ 
ally between 0.1-0.2 y and each strand is composed of many 
microfibrils (the diameter of which are about 100 A each) 
(56). The fibrillar strands are arranged such that 3 sys¬ 
tems of strands are laid down at 60° to each other creating 
hexagonal holes (56). This arrangement allows the tough 
membrane to remain intact when mechanical pressure is ex¬ 
erted on the membrane. Mercer and Day, studying the fine 
structure of the peritrophic membrane, indicated that the 
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fibrillar component of the membrane was chitin and the amor¬ 
phous matrix or ground substance was protein (81). Water- 
house confirmed that the amorphous film in the network mem¬ 
brane was proteinaceous since protein solvents and protein- 
ases produced thinner areas in the peritrophic membrane of 
the blowfly (137) . Jeuniaux more recently examined the ac¬ 
tion of both purified chitinases and alkali on the membrane 
(56). The removal of free chitin by chitinases did not alter 
the ultrastructure of the membrane, but strands dissociated 
into separate microfibrils when protein was removed by treat¬ 
ment with alkali (56). Successive treatments using alkali 
and chitinases completely destroyed the membrane (56). It 
was concluded, therefore, that chitin assumed a fundamental 
role in the structural organization of microfibrils of the 
peritrophic membrane. Richards indicated that the use of 
proteolytic enzymes alone like trypsin and pepsin did not 
degrade the peritrophic membrane which is reasonable given 
the normal occurrence of these enzymes in the digestive 
tract (103). 
Few attempts have been made to effect the degradation 
of the peritrophic membrane of pest insects in biological 
control programs. St. Julian et al. were surprised to find 
so little research on chitinolytic bacteria used to control 
insects considering the number of bacteria reported to at¬ 
tack chitin (122). The work of Smirnoff and his associates. 
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which will be discussed below, although restricted to one 
insect pest, Choristoneura fumiferana, and principally lim¬ 
ited to field trials was an attempt at dissolution of the 
chitinous midgut lining to facilitate entry of a pathogen 
(115, 116, 118, 119). These authors used both commercially 
purified chitinases and chitinase extracted from the mucosa 
of chickens (113). Benton recognized early that bacteria 
can colonize insect chitin, but few attempts have been made 
to use chitinolytic bacteria to attack the peritrophic mem¬ 
brane (5). Certain entomogenous fungi have been shown to 
produce a complex of enzymes including: chitinases, pro¬ 
teases and lipases which may be produced to facilitate pene- 
tration through the formidable insect cuticle (37, 38, 70). 
Species of Beauveria, Entomophthora and Metarrhizium have 
been shown to produce these enzymes (37, 70). However, 
the mechanism of pathogenesis of most fungi is still uncer¬ 
tain. 
Chitinase 
Chitinolytic Microorganisms. Despite the prodigious quanti¬ 
ties of chitin in both terrestrial and aquatic environments, 
little accumulation of the aminopolysaccharide seems to oc¬ 
cur. This suggests that an active microbial flora exists 
capable of rapid mineralization of chitin which would ensure 
a constant supply of nitrogen and carbon in the cycle of 
these elements. 
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Benecke in 1905 isolated the first chitin-decomposing 
microbe which he called Bacillus chitinovorous (4). He spec¬ 
ulated that this microbe must possess a chitinase which could 
degrade chitin, but he was unable to demonstrate evidence 
of saccharidic products of enzyme activity. Benton in 1935 
conducted an exhaustive survey of chitinovorous bacteria 
and was able to recover 250 isolates from many sources in¬ 
cluding: the intestines of bats, frogs and trout as well 
as from environmental samples of mud, stagnant water, run¬ 
ning water, soil, compost heaps and the shells of mayfly 
and crayfish nymphs (5). A few years later Zobell and 
Rittenberg, studying the ocean environment, isolated 31 dif¬ 
ferent pure cultures from marine sediments (149). These 
scientists only managed to recover strict aerobes and faculta¬ 
tive anaerobes due to their isolation procedures. However, 
earlier work by the same researchers demonstrated the pres¬ 
ence of anaerobes from the highly reduced bottom deposits 
of the sea (104). Veldkamp, studying the aerobic decomposi¬ 
tion of chitin in soil, isolated chitinase positive members 
of the genera, Achromobacter, Bacillus, Chromobacterium, 
Cytophaga, Flavobacterium and Pseudomonas among the bacteria 
(134). In addition, he found several genera of both 
actinomycetes (Streptomyces, Micromonospora and Nocardia) 
and fungi (Aspergillus and Mortierella) capable of chitin 
hydrolysis. At about the same time, Clarke and Tracey, 
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testing many soil and water bacteria, found members of the 
Chromobacterium, Pseudomonas and Klebsiella to be the most 
active chitinase producers, although certain species of 
Clostridium, Vibrio and Erwinia also demonstrated some en¬ 
zyme activity (17). They considered the enzyme as consti¬ 
tutive in most bacteria since neither the substrate nor its 
products of hydrolysis needed to be present for chitinase 
production. 
Gray and Baxby conducted several studies of the chitin- 
oclastic flora from forest soils (3, 40, 41). In the for¬ 
est soil environment bacteria predominated in early stages 
of decomposition, followed by fungal invasion and finally 
in the latter stages of deterioration actinomycetes predomin¬ 
ated (41). The same species of bacteria and actinomycetes 
were present in all horizons (principally species of 
Pseudomonas, Bacillus and Streptomyces) while fungi in the 
alkaline horizon (primarily species of Mortierella, Paecil- 
omyces and Gliomastix) were different from those genera in 
the acid horizons (predominantly Verticillium and Trichoderma). 
More recent studies have confirmed that the most wide¬ 
ly distributed chitinolytic bacteria and actinomycetes as¬ 
sociated with water and soil included members of Streptomyces, 
Micromonospora and Nocardia among the actinomycetes and 
Bacillus and Arthrobacter for the bacteria (53). Among soil 
fungi Trichoderma, Penicillium and Aspergillus represent 
the most common chitinolytic genera (92). 
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The rate of chitin hydrolysis in soil and other envir¬ 
onments is difficult to measure. Nevertheless, Hood and 
Meyers have recently demonstrated that chitin is broken down 
in situ approximately ten times faster than it can be hydro¬ 
lyzed in vitro (51). These researchers indicated that chitin 
degradation in natural environments may depend on cometabolism 
involving several species working together or involvement 
of more than one enzyme system (51). This concept was recog¬ 
nized much earlier by Zobell and Rittenberg who found that 
while some bacteria were unable to hydrolyze chitin alone 
mixed cultures acting as synergists could clear chitin agar 
indicating chitin hydrolysis (149). 
Distribution of Non-microbial Chitinases. In addition to 
diverse genera of bacteria and fungi, chitinase is widely 
distributed in the animal kingdom and among many higher plants. 
A number of reviews exist on the subject (36, 57, 58). 
Chitinase is commonly found among arthropods, especially 
in insects in moulting fluids and extracts of exuvia as part 
of the ecdysial process (65). In insects chitinase is gen¬ 
erally under hormonal control and is released into the chi- 
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tinous exoskeleton just prior to shedding of the integument 
(65). In this process chitinase is essential for the degrada¬ 
tion of the chitin in the cuticle which is reabsorbed and 
the breakdown products reused (140). In addition, chitinase 
has been found in the alimentary tract of some insects 
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including the cockroach, Periplaneta americana, probably 
aiding in the digestive process (99, 108). However, chitin- 
ase isolated from insect guts could be due to a chitinolytic 
microbial flora present which releases an exoenzyme. Hood 
and Meyers examining the white shrimp found this organism 
to contain both bacterial chitinoclastic activity and a 
chitinase of animal origin within its digestive tract (51). 
The enzyme systems from the two sources, although attacking 
the same substrates, had different properties. The bacterial 
system was a moderately active inducible chitinase, while 
that of the shrimp was a constitutive system demonstrating 
the presence of a chitinase and chitobiase. 
Other invertebrates possessing chitinases include: 
protozoans, nematodes, earthworms, molluscs, coelenterates 
and polychaete worms (57, 59). 
Similarly, chitinase has been isolated from a number 
of vertebrates including: fish, amphibians, reptiles, birds 
and mammals (57). Chitinase was found in insectivorous ver¬ 
tebrates not only in the digestive tract but also in glands 
and gastric and intestinal mucosa (59). 
Characteristics of Chitinases. Many early workers were con¬ 
cerned with the nature of the enzymatic decomposition of 
chitin. Karrer and Hofmann in 1929 demonstrated that an 
enzyme, which they isolated from a snail gut, was responsible 
for conversion of chitin into its monomer, N-acetyl-glucosa- 
mine (63). Zobell and Rittenberg in 1938, studying marine 
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chitinoclastic bacteria speculated that chitin decomposi¬ 
tion might be a result of cleavage of the glycosidic link¬ 
ages or, alternatively, the splitting of aminoacetyl groups 
(149). The following year Zechmeister and Toth managed to 
separate chitinase from an almond extract into a polysac- 
charidase and a second component capable of hydrolyzing the 
disaccharide building block of chitin, N, N-diacetylchitobi- 
ose (148). In 1954 Reynolds, studying an exocellular chitin- 
^ r 
ase of a Streptomyces sp., provided strong evidence that 
chitin was degraded by two enzymes similar to those of other 
polysaccharides which accumulate bioses including the class¬ 
ical amylose ■+ maltose pathway and the cellulose cellobiose 
mechanism (102). He indicated that the first hydrolase in 
chitin degradation, a chitinase, broke the polymer into its 
respective bioses and a second hydrolase, chitobiase, split 
the dimer into two N-acetylglucosamine residues. The chi¬ 
tinase system was shown to be unable to hydrolyze B-l, 4- 
linked polymers of glucose (i.e., cellulose and cellobiose) 
requiring N-acetylation in order for hydrolysis to proceed. 
This generalized mechanism of chitin hydrolysis involving 
two separate enzymes, the action of which is consecutive, 
was later confirmed for chitinases isolated from other see— 
cies. Jeuniaux corroborated the findings of Reynolds by 
indicating that chitinases from the digestive tract of ver¬ 
tebrates as well as those from various bacterial species con¬ 
tained 2 successive hydrolases (57, 59). Otakara confirmed 
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the same system in the black-koji mold, Aspergillus niger, 
while Skujins et al. reported this mechanism of decomposi¬ 
tion for a Streptomyces chitinase (93, 112). Skujins fur¬ 
ther identified the two hydrolases chemically as chitinase, 
a poly-3-1, 4-(2-acetamino-2-deoxy)-D-glucoside glycanohy- 
drolase and chitobiase, a chitobiose acetamidode- 
oxyglucohydrolase (112) . 
Measurement of chitinase titers through enzyme assays 
have been conducted using methods based on estimation of sub¬ 
strate degradation as well as procedures measuring end- 
products. Jeuniaux has reviewed the most common methods 
available (57). These included viscosimetric and turbid- 
imetric (nephelometric) methods which measured degradation 
of chitin or chitin derivatives and colorimetric procedures 
which quantified the endproduct produced (NAG). The assay 
most commonly used to measure chitinase activity was the 
colorimetric procedure of Reissig et al. (101) . This tech¬ 
nique used dimethylaminobenzaldehyde (DMAB) in glacial acetic 
acid to develop the color reaction subsequent to increasing 
pH by boiling the assay supernatant with potassium tetrabor¬ 
ate . 
The colorimetric assay of Reissig et al. has generally 
been conducted at an acid pH since most chitinases have been 
shown to have a pH optimum for activity between 4.0 and 
6.0 when chitin was the substrate (57). Fange et al. and 
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Morrisey et al. reported that pH values between 4.5 and 4.9 
gave optimum enzyme activity while Kimura, Vessey et al. and 
Skujins et al. demonstrated maximum chitin hydrolysis at 
or around pH 5.0 (35, 65, 86, 111, 135). In contrast, Reynolds 
reported maximal chitinase activity for Streptomyces sp. 
between pH 6.5 and 7.5 (102). More recently Lysenko has 
demonstrated that an entomopathogenic strain of Serratia 
marcescens had an optimum pH for activity near 8.5 (77). 
When colloidal chitin was employed as a substrate chitinase 
activity was rapidly inhibited below pH 4.5, except for 
chitinases in the digestive tract of vertebrates which re¬ 
mained active at pH 3.0 (57). 
The optimum pH for chitinase stability, in general, 
seems to follow the pH activity curve closely (76, 83). 
Lundblad et al. found that the optimum pH for chitinase 
activity (5.5) was the same as that for chitinase stability 
(76). Monreal and Reese, having demonstrated an optimum pH 
for enzyme activity for a Serratia chitinase of 6.4, indicated 
that above pH 7.2 or below pH 4.8 considerable loss of activ¬ 
ity occurred (83). In contrast, Morrissey et al. were able 
to recover a substantial amount of enzyme activity at pH 
8.5 in tris-HCl buffer (86). 
The majority of chitinases have an optimum tempera¬ 
ture for activity at about 40°C (58). However, Jeuniaux re¬ 
ported an optimum temperature for A. niger of 50°C (60) 
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Monreal and Reese corroborated these results indicating that 
Serratia marcescens similarly showed optimal activity at a 
temperature of 50°C (83). On the other hand, Pegg and Vessey 
reported an optimum of 28°C for Lycopersicon chitinase (95) . 
Reynolds demonstrated that a Streptomyces sp. had an optimum 
temperature of 37°C (102). 
Although temperatures between 35° and 40°C seem to 
represent the most common optima for chitinase activity, 
the enzyme seems to be more stable at considerably lower 
temperatures. For example, Jeuniaux was able to keep crude 
and purified chitinases stable in the frozen state for at 
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least 2 years (57). Few studies have reported the effect of 
oxygen on chitinase stability, but Jeuniaux indicated oxygen 
can inactivate chitinase (57). 
Cofactors do not appear to be loosely bound to chitin¬ 
ase (57, 141). Winicur et al. dialyzed chitinase against 
water and acetate buffer at pH 5.5 for 24 hrs and found no 
loss of activity (141). However, Skujins et al. reported 
that it was necessary to add Ca++ (as CaCl2) to chitinase 
preparations during purification in order to retain enzyme 
activity (112). In addition, they reported that Mg++ and 
to a lesser extent Co and Zn + were inhibitory at concen¬ 
trations up to 0.2 M. 
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Biological Control of Insects Using Chitinase 
In an application mentioned above, some researchers 
have attempted to use chitinases in the biological control 
of insect pests. The rationale for this approach, as indi¬ 
cated, was based on the theory that chitinase when ingested 
can effect lesions in the chitin-containing peritrophic mem¬ 
branes of certain Lepidopterous pests. However, research 
has not been conducted using chitinases alone but rather 
chitinases have been suggested as additives to Bacillus 
thuringiensis preparations. Smirnoff and his associates 
have employed chitinase as an additive to B. thuringiensis 
» 
for the control of the spruce budworm, Choristoneura fumi- 
ferana, infestations in Canada (115, 118, 119). These au¬ 
thors demonstrated that B. thuringiensis parasporal crystals 
(i.e., delta endotoxin) play only a minor role in spruce 
budworm mortality and that a septicemia is primarily respon¬ 
sible for its pathogenic action (118). Earlier studies on 
the mode of action of B. thuringiensis in budworm larvae 
showed the septicemia began only after the organism pene¬ 
trated the hemolymph (116). Chitinase was added in an at¬ 
tempt to disrupt the chitinous lining covering the epithelial 
cells in the midgut and to facilitate penetration of the 
bacterium into the hemolymph. Aerial spraying of a "B. 
thuringiensis + chitinase" formulation over a 10,000 acre 
stand of balsam fir produced increased foliage protection 
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over the check plot (118). Morris confirmed these results 
demonstrating that depressed feeding activity and hence 
lowered defoliation resulted when chitinase was added to 
Thuricide1 or Dipel2 (85). Similar studies using chitinase 
as an additive to B. thuringiensis against the spruce budworm 
were conducted by Dimond in Maine (24). 
Smirnoff conducted both laboratory and field studies 
to ascertain whether chitinase could improve the efficacy 
of B. thuringiensis preparations (114, 115, 116). One im¬ 
portant finding in the field was a demonstrated improvement 
of foliage protection when chitinase + B. thuringiensis were 
used at low temperatures over the B. thuringiensis alone. 
Smirnoff indicated that B. thuringiensis alone was ineffec¬ 
tive at temperatures between 12-16°C which sometimes occurred 
during June in Canada, but chitinase additives prevented a 
decrease in the mortality of larvae which occurred when B. 
thuringiensis was used alone (115). Laboratory experiments 
indicated that when B. thuringiensis was used alone a 5 to 
20% decrease in weight and length resulted, whereas chitinase 
additives produced a weight and length loss of 40 to 60% 
(114). In addition, B. thuringiensis + chitinase caused 
larvae to stop feeding 2 days after infection, while feeding 
cessation did not occur until 8 days following initiation 
1/2 
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of infection in the B. thuringiensis treatment alone. Smirnoff 
in several studies measured certain metabolic and biochemical 
changes in the hemolymph of spruce budworm larvae exposed 
to B. thuringiensis + chitinase or the former alone (114, 
120). When levels of alkaline phosphatase, isocitrate de¬ 
hydrogenase chloride and total lipid concentrations were 
measured B. thuringiensis + chitinase treated larvae without 
exception produced increased metabolic changes over B. thur¬ 
ingiensis treatments alone (114). Chitinase used alone showed 
no difference from the control (114) . 
More recently studies conducted in our laboratory by 
Dubois indicated that when chitinase is incubated with peri- 
trophic membranes of L. dispar larvae in vivo and in vitro, 
lesions were produced (31). Electron micrographs showed 
areas of lysis in the thin epithelial lining when chitinase 
was present while control membranes remained intact (31). 
Although some attempts at dissolution of insect peri- 
trophic membranes using chitinases have produced equivocal 
results, enough research demonstrating enhanced pathogenicity 
when chitinase is used as an additive to entomopathogens 
exists to warrant further research. In fact, one area which 
heretofore has not been investigated is the use of chitinases 
in conjunction with bacteria or chemicals designed to produce 
physiological changes thus optimizing the insects alimentary 
tract for enzymatic attack to the peritrophic membrane. 
31 
This includes acidic compounds (both organic and inorganic), 
buffers, fermentative bacteria and entomopathogens other than 
B. thuringiensis which could effect pH and other physiological 
changes leading to an optimization of chitinase activity. 
An investigation into some of these physiological changes 
is the subject of this dissertation. 
It seems clear that in order to effect degradation 
of the peritrophic membrane through enzymatic action a num¬ 
ber of factors must be considered. First, the membrane it¬ 
self may be impervious to the action of either chitinases 
or proteases alone. The action of these enzymes on the amor¬ 
phous ground protein and the fibrillar component providing 
structural integrity to the membrane may need to be synchron¬ 
ous. This has been demonstrated in other biological control 
approaches where chitinase and laminarinase (B l-»-3 glucanase) 
separately were unable to initiate lysis of the cell wall 
of Fusarium solanai while in combination these two enzymes 
were able to hydrolyze the structural component in the hyphae 
(111). Apparently, the chitinous core imparting structure 
to the wall was masked by the glucan and only after removal 
of this component (laminarinin) by a laminarinase was the 
chitin core rendered accessible to the action of chitinase 
(111). Second, conditions in the midgut may need to be 
optimized for favorable enzyme activity. This may include 
altering physiological conditions in the insect's alimen¬ 
tary tract to stabilize the enzyme and allow enzymatic action. 
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Buffering capacity, pH, redox potential and susceptibility 
to the action of midgut proteases are some of the conditions 
which may alter enzyme activity and ability to adhere to and 
degrade the peritrophic membrane. Third, the enzymatic sys¬ 
tems used may not be specific for the substrate it is to act 
upon. As mentioned earlier, chitinases are a complex of en¬ 
zymes, the specificity of which is not completely known. 
Therefore, the specificity of bacterial chitinases from any 
species for the chitinous peritrophic membrane can not be af¬ 
firmed. Fourth, an assessment will need to be made as to 
how effective enzymes produced in vivo are compared to those 
produced and purified in vitro. This necessitates an under¬ 
standing of the ability of microorganisms producing such 
enzymes to survive and possibly even proliferate within the 
alimentary tract of the insect pest while still maintaining 
an active enzyme secreting mechanism. 
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The use of microorganisms having the ability to pro¬ 
duce both chitinases and proteases may only become feasible 
as agents of pathogenesis after an understanding is gained 
of the defenses possessed by pest insects. One of the first 
lines of defense which many insects appear to possess, par¬ 
ticularly Lepidopterous larvae, is an alimentary tract pH 
which protects against the invasion of microorganisms. 
Since the growth of some organisms is inhibited outside the 
neutral pH range, knowledge of pH in the gut and hemolymph 
33 
is important in a study of the invasion and the mode of ac¬ 
tion of a pathogenic bacterium in an insect (47). Indeed 
Marshall states: "Probably the most important factors re¬ 
lating to the solubility of poisons in the stomach of an in¬ 
sect are the hydrogen ion concentration of the digestive flu¬ 
ids and the nature of the buffers or soluble salts there¬ 
in" (79). Several reviews of the literature on the pH of 
the hemolymph and alimentary tract of insects are available 
(21, 52, 138). Most insects possess midgut digestive juices 
varying only slightly from neutrality, generally falling with¬ 
in the pH range of 6.0 to 7.5 (138). Strong midgut alkalin¬ 
ity, ranging from pH 8.0 to 10.0 is known to occur among 
Lepidoptera and Tricoptera larvae (138). Swingle studied 
five species of Lepidopterous larvae and found that all had 
alkaline midguts, predominantly due to the cation potassium 
(129). Kirkland surmised that it might be this compound, 
responsible for the alkalinity in the gypsy moth larva, which 
prevented effective control of the insect by chemicals (66). 
MATERIALS AND METHODS 
Isolation and Selection of Bacteria 
Isolation of Chitinolytic Bacteria. Chitinolytic bacteria 
were isolated from gypsy moth larvae collected between May 
and June of 1974 and 1975 in western Massachusetts. Bacter¬ 
ial isolates obtained in 1974 were recovered from larvae 
collected in Whateley, Massachusetts (31), while in 1975 
larvae were collected by this author from Southwick, Mass¬ 
achusetts. The 1974 site contained a light infestation in 
a forest composed predominantly of oak trees (Quercus 
borealis and Q. alba), while a mixed stand containing both 
deciduous and coniferous trees was used as the location for 
the 1975 collection. The 1975 site contained a heavy in¬ 
festation with considerable mortality due to a nulear poly— 
hedrosis virus. Nevertheless, larvae collected from both 
1974 and 1975 sites appeared to be healthy and disease free 
with the exception of minor parasitization in the 1974 pop¬ 
ulation (31) . 
Larvae were selected from leaves, branches and tree 
bark and aseptically placed individually into sterile screw 
cap tubes with sterile forceps. Upon arrival at the labora¬ 
tory, within 2 hours after collection, 2 ml of sterile 1% 
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peptone was added to each tube and each larva was triturated 
for several minutes using a sterile glass rod. Following 
pulverization, tubes were mixed on a vortex (Vortex-Genie, 
Fisher Scientific Co.) and 0.1 ml aliquots were pipetted onto 
the surface of Trypticase Soy Agar (TSA, BBL Co.) and chi- 
tin agar plates. Subsequent to the smearing of aliquots 
with a sterile bent glass rod, TSA plates were incubated for 
24-48 hr at 28°C, while chitin agar plates were stored up 
to 10 days at room temperature. Colonies which cleared chi¬ 
tin agar were picked and streaked for purity onto TSA plates, 
while isolates growing on TSA plates were streaked onto chi¬ 
tin agar to determine their ability to hydrolyze chitin. 
Representative isolates showing strong chitin hydrolysis 
were chosen and kept for further studies. Selected isolates 
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were stored on TSA slants at 4°C and were transferred at reg¬ 
ular intervals. Chitinolytic strains were numbered accord¬ 
ing to the instar from which they were isolated as follows: 
Number of Isolate Instar 
CH 1 - 115 
CH 134 - 256 
CH 257 - 520 
1st and 2nd 
3rd and 4th 
5th and 6th 
Selection of Chitinolytic Bacteria. From the chitinolytic 
bacterial strains stored, 45 pure cultures were selected 
for quantification of chitinolytic activity and for bacter¬ 
ial characterization. These isolates were first restreaked 
onto chitin agar and ranked according to their ability to 
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clear chitin from 4+, which represented the strongest clear¬ 
ing reactions, to 1+ whereby clearing occurred only near the 
periphery of colonies. Cultures ranked as 3+ and 4+ were 
selected and grown on chitin broth (see Appendix II for 
composition) and chitinase titers were quantified using the 
colorimetric assay described below. These strains were 
additionally characterized by observing cultural morphologies, 
by inspecting various staining reactions (principally Gram's 
stain and spore stains) and by performing 18 biochemical 
tests. Six strong chitinolytic strains were ultimately cho¬ 
sen, including 3 gram-positive and 3 gram-negative bacteria, 
9 
which were considered to be representative of all isolates. 
Isolation of Fermentative Bacteria. Bacterial isolates cap¬ 
able of fermenting various carbohydrates under diverse incu¬ 
bation conditions with the production of acidic endproducts, 
were collected as part of the resident flora of healthy gypsy 
moth larvae. These isolates were used to poise midgut pH 
enhancing chitinolytic activity on the peritrophic membrane 
in bioassays against healthy gypsy moth larvae. Larvae 
were collected on 3 separate occasions from May to June, 1976 
from a heavy infestation in a mixed forest stand in Sturbridge, 
Massachusetts. The collection procedure for larvae was the 
same as that described above. Larvae were returned to the 
laboratory and triturated in 1 ml of 1% peptone and fermenta¬ 
tive bacteria were isolated according to the scheme presented 
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in Figure 1. The composition of media used can be found in 
Appendix II. Six strains were selected which demonstrated 
the ability to ferment glucose, fructose and sucrose with 
the production of acid under all 4 incubation conditions 
and which were able to ferment galactose, lactose and mal¬ 
tose under some of the incubation conditions described. 
Sources of Pure Cultures. Fecal streptococcal isolates 
were obtained from an aquatic environment and were identi¬ 
fied according to the Sherman criteria described by Daoust 
and Litsky (23). Bacillus thuringiensis varieties were ob¬ 
tained from a stock culture collection held in the Depart- 
ment of Environmental Sciences at the University of Massa¬ 
chusetts. Strains representing several serotypes were used 
in this study. One B. thuringiensis strain (6A) was isolated 
from the flora of a healthy gypsy moth larva during the 
isolation of fermentative bacteria. 
Pure cultures were streaked onto chitin agar to deter¬ 
mine their chitinolytic abilities prior to their use in bio¬ 
assays . 
Identification and Characterization of Bacteria 
Chitinolytic Strains. Biochemical test results and morpho¬ 
logical characteristics used in the selection procedure pro¬ 
vided data upon which tentative identification to the generic 
level was based. Bergy's Manual of Determinative Bacteriology 
FIGURE 1 
Scheme for the isolation of fermentative, alkaline- 
tolerant, acid-producing bacteria existing as part 
of the resident flora of healthy L. dispar L. larvae. 
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Triturated Larva 
in 1% peptone 
Trypticase Brain Heart 
Soy Agar Infusion Agar 
(TSA) (BHI) 
(24-48 Hr @ 30°C) 
i 
Pure Culture Stored 
on TSA @ 4°C 
>1 
TSB 
(24 Hr @ 30°C) 
I 
FERMENTATION STEP I 
Purple Broth Base Containing: 
1 
Glucose 
Aerobic pH6.8 
pH8. 8 
Anaerobic pH6.8 
pH8.8 
Fructose 
Aerobic pH6.8 
pH8,8 
Anaerobic pH6.8 
pH8.8 
Sucrose 
Aerobic pH6.8 
pH8.8 
Anaerobic pH6.8 
pH8.8 
(incubated aerobically for 1-3 da.; anaerobic ally for 5 da. at 4°C) 
Subjected to further testing on purple broth base medium con¬ 
taining galactose, lactose or maltose at an initial pH of 6.8 or 8.8; 
tubes were incubated aerobically or anaerobically as described in 
fermentation step I. 
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(8th edition) was consulted to select further biochemical 
criteria which were used to confirm bacterial genera and ten¬ 
tatively identify chitinolytic strains to the species level 
(9) . 
Fermentative Strains. Fermentative bacteria were similarly 
identified to the generic level by conducting a series of bio¬ 
chemical tests and examining morphological criteria for which 
Bergy's Manual was consulted (9). 
Fermentative Ability of Fecal Streptococci in vitro. Strep¬ 
tococcus fecalis and its varieties, S. faecium and S. durans 
were inoculated (0.1 ml inoculum/tube) from 16 hr Brain Heart 
Infusion (BHI) broth cultures into tubes of two different 
media which had been adjusted with tribasic sodium phosphate 
to initial pH values in the alkaline range (8.4, 9.2, 9.6 
and 10.0). Culture tubes from one medium contained a high 
carbohydrate concentration (FS medium, see Appendix II), while 
those from the second medium were highly proteinaceous (BHI 
broth). Three replicate tubes of each strain were incubated 
both aerobically and anaerobically at each pH value for the 
FS medium. On the other hand, 3 replicate tubes of each strain 
were incubated only aerobically at each pH value for the BHI 
broth. All tubes were incubated at 25°C and subsequent to 
incubation at intervals of 12 hr, 24 hr, 48 hr and 72 hr 
pH measurements were made on three replicates. 
40 
Cultural Studies on Chitinolytic Bacteria 
Preparation of Substrates. 
Commercial chitin. Crudely ground commercial chitin 
was obtained from Pfaltz and Bauer Inc., 375 Fairfield Ave., 
Stamford, Connecticut 06902. One batch of crude chitin was 
used consistently. It was ground moderately fine in an Oster- 
izer (Model 438, series A) for approximately 1 minute and 
used in all culture media. 
Purification of chitin. Purified chitin was prepared 
according to a modification of the method of Vessey and Pegg 
(135). Commercial chitin (200g) was ground using an Oster- 
izer and washed for 1 hr in 2 1 of distilled water on a shaker 
(115 oscillations per min). The slurry was centrifuged and 
the residue extracted for 15 min in 505 ml of an acidified 
ethanol-ether mixture (ethanol 250 ml, diethyl ether 250 ml 
and concentrated HC1 5.0 ml). After centrifugation^, 500 ml 
of 0.2 M NaC102 was added and the mixture was heated to 75°C 
for 1 hr with constant stirring. Following centrifugation, 
10 ml of acetone was added to the residue followed by the 
addition of 6 - 8 1 of concentrated HC1 at 4°C until all 
the chitin dissolved. The dissolved chitin was centrifuged 
to remove inorganic contaminants and the supernatant was col¬ 
lected and added slowly to 5-71 of distilled water, ice 
and 95% ethanol (approximately 2 1). Chitin was allowed to 
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precipitate overnight at 4°C. The precipitate was centrifuged 
and washed 3 times with distilled water in an Osterizer. 
Centrifugations were performed under refrigeration at 4°C 
at 16,300 g for 15 min after each washing. Purified chitin 
was then either stored as an acid paste or diluted to approx¬ 
imately 20 mg/ml with distilled water and dialyzed. All 
chitin was dialyzed prior to use against distilled water in 
18.9 1 carboys at 10°C with constant stirring. The water 
was changed 2 times in carboys at 2 day intervals during the 
dialysis procedure. 
Composition of Media for Growth of Chitinolytic Bacteria. 
Chitin broth was prepared from modified Morris salts, the 
composition of which can be found in Appendix II. A growth 
study incorporating various concentrations of purified chi¬ 
tin (0.5, 1.0, 1.5 or 2.0%) into chitin broth was conducted 
to determine the optimal portion of chitin needed to maximize 
chitinase production and growth. The concentration of pur¬ 
ified chitin chosen for growth of cultures was 1.5%. In con¬ 
trast, cultures grown on crude commercial chitin contained 
3% chitin. The source of crude chitin was more consistent 
than that of purified chitin, the latter varying according 
to the batch produced. As a result a comparison of enzyme 
production and growth between the 3 batches of purified chi¬ 
tin used in these studies was made. A growth study was sim¬ 
ilarly conducted to determine the value of a casamino acids 
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supplement. Strain CH134 was selected to establish criteria 
for optimum chitin concentration, to compare batches of pur¬ 
ified chitin and to determine the need for casamino acid sup¬ 
plements . 
Chitinolytic bacteria were also cultured on various 
protein and carbohydrate containing media. These media were 
of the same composition as chitin broth with the exception 
that chitin and casamino acids were deleted and the following 
carbon sources were added. 
1. Casein 1.5% 
Peptone 0.5% 
Glucose 0.5% 
2. Beef-extract 1.5% 
Peptone 0.5% 
Glucose 0.5% 
3. Yeast-extract 1.5% 
Peptone 0.5% 
Glucose 0.5% 
4. Glucose 2.5% 
Casamino Acids 0.1% 
Inoculation of Cultures. 
Gram-negative cultures. A culture tube containing 8 
ml of TSB was inoculated from a refrigerated slant and incu¬ 
bated 20-24 hr at 30°C. Following incubation, 5 ml of broth 
was aseptically transferred to 50 ml TSB in a 125 ml erly- 
meyer flask. This culture was shaken at 27°C for 24-26 hr 
after which a 10% inoculum was transferred to chitin broth. 
Gram-positive cultures. TSB tubes (8 ml) were similarly 
inoculated from slants and incubated for 20-24 hr at 30°C. 
43 
However, after incubation 8 ml of broth was aseptically trans 
ferred to 200 ml TSB in a 500 ml flask and shaken for 24-26 
hr at 27°C. Subsequent to incubation, the culture was trans¬ 
ferred to a sterile centrifuge bottle (250 ml) and spun for 
15 min at 16,300 g. The pellet was resuspended in 15 ml ster 
ile 0.05M potassium phosphate buffer and the entire 15 ml was 
inoculated into 135 ml chitin broth (10% final inoculum of 
resuspended pellet). 
The inoculation procedure for protein and glucose 
media was the same as that used for chitin broth with the 
exception of a 2% inoculum which was used in the final step. 
Incubation of Cultures. All chitin broth flasks were incu¬ 
bated at 27°C + 1C in the dark on a rotary shaker (115 
oscillations/min). The incubation period varied depending 
on the purpose of the culture, but the culture remained on 
the shaker at all times except when aliquots were removed. 
During incubation of cultures, especially when establishing 
growth curves, purity was confirmed at regular intervals by 
preparing Gram stains. In addition, gram—positive strains 
were constantly monitored by staining with Amidoswartz spore 
stain to ascertain the level of sporulation (117). 
Analyses Performed. 
Chitinase assays. 
1. Colorimetric assay. Measurement of chi¬ 
tinase titers were made by the addition of 0.5 ml of 0.1 M 
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citrate buffer at pH 5.0, 0.5 ml purified colloidal chitin 
(16.8 mg per ml) and 0.5 ml of supernatant from test cultures 
to the assay mixtures, which were incubated for exactly 1 hr 
at 30°C.1 The same batch of chitin was used throughout these 
determinations. In addition, to the assay mixture, a control 
was prepared by substituting distilled water for test culture 
supernatant. The colorimetric determinations were performed 
using a Bauch and Lomb Spectronic-20 colorimeter at 580 nm 
according to the method of Reissig et al. (101). When per¬ 
forming the colorimetric test, 0.5 ml aliquots from the test 
culture supernatant were included to determine the level of 
o 
background N-acetyl-D-glucosamine (NAG) in cultures. A stan¬ 
dard curve, prepared from known concentrations of NAG, was 
used to interpret results. Chitinase titers were expressed 
in units whereby 1 unit represented the release of 1 ymole 
NAG/ml/hr at 30°C. 
2. Turbidimetric assay (Nephelometric assay). 
The assay mixture consisted of 2 ml purified chitin diluted 
to ca. 1 mg/ml, 0.5 ml of 0.2 M citrate buffer at pH 5.0 and 
0.5 ml of supernatant from test cultures which were incubated 
at 30°C for exactly 1 hr. Two replicates for each culture 
were prepared. A control using 0.5 ml distilled water instead 
1 Centrifugation of test cultures was made with a RC-2 
Sorval refrigerated centrifuge operated at 16,300g for 15 min. 
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of supernatant was also included. Prior to and subsequent 
to the 1 hr incubation absorbance measurements were taken on 
a Spectronic-20 at 420 nm. Distilled water was used as a 
reference in the instrument. Results were calculated using 
a standard curve prepared from known concentrations of puri¬ 
fied chitin. This involved the determination of a change in 
absorbance which was converted to a decrease in mg/ml from 
the standard curve. Results were expressed as mg hydrolyzed 
/ml supernatant/hr. 
Protease assays. Measurement of protease titers were 
made using 10 mg of a generalized protein substrate (hide 
powder azure, obtained from Cal Biochemical Co.; Lot No. 37716), 
to which was added 4.0 to 5.0 ml of 0.1 M sodium phosphate 
buffer at pH 7.8 and test culture supernatant to achieve a 
final volume of 5.0 ml in the assay mixture. The reaction 
mixture was incubated at 37°C and shaken at 5 min intervals 
on a vortex mixer to prevent settling of hide powder. After 
exactly 15 min the assay mixture was filtered through coarse 
porosity semi-crimped filter paper (Fisher Sci. Co.) into a 
cuvette to stop the reaction, the reaction being based on the 
release of a blue dye bound to cowhide proteins. Absorbance 
was measured at 580 nm on a Spectronic-20. A standard curve. 
Prepared using a partially purified chitinase, was used to 
interpret absorbance readings. A unit of protease activity 
was defined as the release of 1 mg/ml of dye in 15 min at 
30°c. 
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Protein determinations. Protein levels were determined 
according to a modification of the method of Lowry et al. (74). 
Bovine serum albumen was used as the standard. 
Ammonia determinations. Ammonia concentrations were 
determined using the nesslerization technique. This involved 
adding 1 drop of EDTA reagent to an aliquot of test culture 
supernatant which was diluted to 50 ml. Nessler's reagent 
(2 ml) was added and after 20 min the absorbance was measured 
at 400 nm on a Spectronic-20. Results were calculated from 
a standard curve. 
PH measurements. All pH measurements were made with 
a Beckman Zeromatic pH meter. 
Bacterial quantification. The number of viable bac¬ 
teria was determined by the "drop plate technique" of Reed 
and Reed (100). Five replicates of 0.01 ml from dilutions 
of cultures were delivered using a 0.1 ml Mohr pipet onto 
the surface of dry TSA plates. Plates were rotated, allowed 
to dry and incubated in an inverted position at 30°C for 16- 
20 hr or longer in the case of slow growing cultures. Bac¬ 
terial counts were made using a Bauch and Lomb dissecting 
microscope and replicates were averaged. 
Properties of Bacterial Enzymes 
Optimum pH for Chitinase Activity. The culture was harvested 
from chitin broth near peak production of chitinase (day 24) 
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by centrifugation in an RC-2 refrigerated centrifuge at 17,300g 
for 15 min. The crude chitinase was assayed at various pH 
values using 3 different buffers to cover the pH range of 
2.6-8.0. The buffers used in assay mixtures were citrate- 
phosphate (pH 2.6-4.0), citrate (pH 4.5-6.0) and sodium phos¬ 
phate (pH 6.5-8.0). The pH was determined immediately upon 
addition of test culture supernatant to the reaction mixture 
prior to the start of the assay. These pH values, which dif¬ 
fered from the initial value due to the addition of the high¬ 
ly buffered test supernatant, were used to calculate final 
enzyme activity. 
Optimum pH for Protease Activity. Protease assays were sim- 
ilarly conducted to establish optimal pH for enzyme activity 
when cultures reached peak enzyme titers. The assay was con¬ 
ducted according to the method described with the exception 
that the hide powder azure concentration was increased from 
10 to 15 mg/ml. Buffers used were Tris (0.2 M Tris (hydroxy¬ 
methyl) aminomethane/0.2 M HC1) between pH 7.6 and 8.8 and 
sodium phosphate between pH 6.0 and 7.6. Final pH was cal¬ 
culated after the addition of supernatant to assay mixtures 
prior to incubation. 
Preliminary Purification of Chitinase. 
Ammonium sulfate precipitation. Crude supernatants 
from chitin broth cultures were adjusted to pH 7.0. Frac¬ 
tionation of the cell-free extracts was accomplished by the 
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addition of enzyme grade ammonium sulfate (certified ACS, 
Fisher Sci. Co.) to 0.3 saturation with stirring in an ice 
pack. After 30 min the precipitate was removed by centrifuga¬ 
tion at 16,300g for 20 min. The ammonium sulfate (AS) concen¬ 
tration was then increased to 0.6 saturation. The precipitate 
was again collected after 30 min as above. A final addition 
of AS increased the saturation to 0.9 and the precipitate was 
harvested after 30 min. Pellets from all 3 fractionations 
were resuspended to approximately 25% of the original volume 
with 0.05 M potassium phosphate buffer at pH 7.0. 
Dialysis. Enzyme fractions were dialyzed for ca. 24- 
48 hr to remove most of the AS and other small molecular weight 
compounds. Dialysis tubing was soaked thoroughly in distilled 
water and prepared for the dialyzate by 3 additional rinses 
with 0.05 M potassium phosphate buffer at pH 7.0. Dialyzates 
were placed into tubing which was dialyzed against 0.05 M 
potassium phosphate buffer at pH 7.0 in an 18.9 1 carboy. 
The volume of the buffer was approximately 200 times that of 
the dialyzate. Dialysis buffer was changed once at 24 hr, 
depending on the purpose of the dialyzate, and dialysis was 
continued for an additional 24 hr. Dialysis was conducted 
at 10°C in the dark with constant stirring. Subsequent to 
dialysis, enzyme assays were conducted to assess any loss of 
activity. 
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Other Properties. Other properties of bacterial chitinases 
used in this study were determined in parallel studies con¬ 
ducted in the same laboratory. These included: purifica¬ 
tion using chromatographic techniques, determination of mole¬ 
cular weight by electrophoretic techniques, establishment 
of metalic inhibitors and activators, and various other proper¬ 
ties . 
Cultural Techniques for Rearing the Gypsy Moth 
Sources of L. dispar Eggs. A laboratory culture was estab¬ 
lished by collection of gypsy moth eggs from moderate to 
heavy infestations in western Massachusetts. Eggs were re¬ 
frigerated for 5-7 months after which they were dehaired and 
surface sterilized with 0.05% sodium hypochlorite. Dehairing 
was performed using a dehairing device (19), while steriliza¬ 
tion of eggs was performed according to the method of O’Dell 
and Rollinson (90). Eggs were hatched in glass petri dishes 
(100 mm x 15 mm) in a growth chamber held at 27°C + 1C with 
a 12 hr light cycle and a relative humidity (rh) of about 
40%. Gypsy moths were reared through two generations in the 
growth chamber and laboratory laid eggs were collected and 
refrigerated at 4°C for a minimum of 4 months. Laboratory 
laid eggs were not dehaired or sterilized as a routine pro¬ 
cedure unless nuclear polyhedrosis virus appeared in the cul¬ 
ture. Forest collected eggs were contaminated with a 
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polyhedrosis virus as was noted by Wallis (136). As a result, 
only larvae reared from laboratory laid eggs were used in 
bioassays. 
Growth of Larvae. Larvae were reared under the same condi¬ 
tions as those for egg hatching. Upon emergence larvae were 
placed onto squares of artificial diet (obtained from Bio- 
serv Corp; see Appendix II for formulation) in sterile plastic 
petri dishes (100 mm x 15 mm) by a camel hair brush. Dishes 
were inverted to prevent contamination of food with frass 
from excrement. Nevertheless, diet was changed at regular 
intervals (2-3 days) to minimize bacterial and fungal con¬ 
tamination. In addition, a fungicidal agent, methyl-p-hydroxy- 
benzoate, was incorporated into all diet to retard spoilage. 
On the other hand, the antibiotic aureomycin was not included 
in diet fed to test larvae, but was incorporated into diet 
fed to larvae reared to adulthood for the purpose of egg 
production and maintenance of the culture. 
In order to ensure disease free cultures work surfaces 
were frequently disinfected with 0.5% bleach and/or 0.5% 
Amphyl disinfectant (National Laboratories Inc.). Larvae 
were continually sequestered into groups of the same size 
during rearing. Larvae used in bioassays were reared to 2-3 
day old second instars (usually occurred 6-7 days after hatch¬ 
ing) and were segregated into groups of 10, or occasionally 
fewer when larvae were in short supply, in sterile plastic 
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petri dishes. Twenty-four to 40 hr prior to bioassays lar¬ 
vae were starved to ensure adequate feeding once bioassays 
commenced. Larvae used in pH measurements were reared to 
3rd-4th instar since smaller larvae were difficult to dis¬ 
sect and alimentary tract fluid was limited making accurate 
pH determinations difficult. 
Larvae reared beyond 4th instar were transferred to 
unwaxed paper containers (16 oz) which contained a waxed 
creamer (1.75 oz) with artificial diet. 
Pupation and Adult Oviposition. Pupae were transferred to 
clean cups (16 oz) and allowed to emerge as adults. Four 
to 6 pupae of each sex, determined by pup'al size, were incu¬ 
bated together under growth chamber conditions specified 
above. Oviposition occurred soon after adult emergence and 
eggs were collected about 2 weeks after being laid to allow 
a period for development. All eggs, as indicated earlier, 
were stored at 5°C. 
PH Measurements in the Gypsy Moth Alimentary Tract 
Procedures Used in Dissection Studies. As mentioned above, 
larvae were reared to 3rd-4th instar and starved 24-40 hr 
prior to use in pH measurement studies. Dissections were 
Performed over a 48 hr period after starved larvae were placed 
on dye incorporated or normal diet dipped in the appropri¬ 
ate treatment. Cultures used for treatments were grown 
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according to the procedures used for bioassays. At various 
intervals (usually 4 hr, 8 hr, 12 hr, 24 hr, and 48 hr) 5 
to 6 replicate larvae from each treatment were dissected and 
pH measurements taken. In addition, control larvae were 
dissected at each interval. Larvae were removed from petri 
dishes containing treatments, asphyxiated with ethyl acetate 
vapors and prepared for dissection in a pan containing para- 
fin wax. The length of each larvae was measured and lengths 
were later converted to approximate weights from a standard 
curve. Larvae were not individually weighed since time was 
limited due to the large number of larvae dissected. Lar¬ 
val dissections were performed with the larva's ventral side 
facing up by making a cut from the posterior abdomen to the 
head with iridectomy scissors (Carolina Biologicals). In¬ 
cisions were made so as to prevent damage to the alimentary 
tract. When the alimentary tract was ruptured mixing of flu¬ 
ids from the hemolymph and gut occurred and larvae were dis¬ 
carded. Once the initial incision was made and larvae were 
pinned, all hemolymph fluid was absorbed with a kimwipe. A 
cut was then prepared in sections of the alimentary tract 
and pH measurements taken. 
Methods Used to Determine pH. 
Dye incorporation technique. Various indicator dyes 
were formulated according to the Handbook of Chemistry and 
Physics (139). The following dyes and pH ranges were used: 
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Indicator_ Approx. pH Range Color Change 
Thymol blue (TB) 8.0 - 9.6 Yel to blue 
Phenol red (PR) 6.6 - 8.0 Yel to red 
Cresol red (CR) 7.0 - 8.8 Yel to red 
Bromo thymol blue (BTB) 6.0 - 7.6 Yel to blue 
Meta cresol purple (MCP) 7.4 - 9.0 Yel to purp 
Phenolphthalein (PT) 8.2 - 10.0 Col to pink 
Phenol red and thymol blue were the dyes most fre¬ 
quently used in pH studies. Indicators were incorporated 
into artificial diet at 5% concentration just before the 
diet was dispensed into petri dishes. The larvae were allowed 
to feed on squares of dye incorporated diet immersed in treat¬ 
ments. Indicator color was then recorded along the entire 
alimentary tract following dissection. 
Capillary method. This technique was based on the 
method of Swingle (130). A series of buffers were prepared 
at intervals of 0.5 pH units between pH 5.0 and pH 10.0. 
Between the pH range 7.4 to 8.8, buffers were prepared for 
every 0.2 pH units. Standards were prepared by allowing 
buffers at each pH to mix with each indicator dye (mentioned 
above) in capillary tubes. The pH in the alimentary tract 
was determined by guiding gut fluid into a capillary, after 
which one indicator dye from a drop on a slide was allowed 
to mix with the fluid. The resultant indicator color was 
then compared to the standards. To enhance mixing and color 
development capillary tubes were inverted several times. 
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PH indicator paper method. A series of Hydrion pH 
papers were purchased from Microessential Laboratory which 
included both wide and short range papers. All pH paper 
was checked prior to use against standard buffers. Upon pre¬ 
paring an incision in the alimentary tract pH paper strips 
were carefully inserted into various regions of the gut tak¬ 
ing care not to mix fluids between sections of the tract or 
with the hemolymph. Wide range pH paperstrips were used to 
confirm the values established with short range pH paper. 
Biological Assay 
Bioassay Procedure. Bioassays were conducted on 2-3 day 
old second instar gypsy moth larvae previously sequestered 
into groups of 10 larvae1 in sterile plastic petri dishes 
and starved for 24—40 hr. Treatments included crude suspen¬ 
sions (i.e., aliquots used directly from broth cultures), 
crude supernatants (i.e., cell-free extracts from centrifuged 
broth cultures) and combined treatments. Combined treatments 
were prepared by mixing equal volumes of dilutions of the 
two treatments to arrive at the final dilutions which are 
reported in the results. The only exception to this was when 
acidic compounds were used in combination with chitinolytic 
cultures. Acidic compounds were fed to larvae for 8 hr 
!Ten larvae per replicate were used unless otherwise 
specified. 
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after which acidic treatments were replaced with chitinolytic 
treatments for 40 hr. 
Treatments were prepared by dipping lettuce sections, 
which were previously washed 3 times in tap water and dried, 
into culture fluid in beakers followed by air drying lettuce 
for several hr. A surfactant (Lovo) was added to all treat¬ 
ments to increase wettability and enhance adherence of treat¬ 
ments to lettuce (0.1 ml/30 ml treatment). Larvae were 
allowed to feed on lettuce sections for 48 hr, after which 
treatments were replaced with fresh untreated artificial 
diet for the remainder of the assay. Bioassay dishes were 
incubated in a growth chamber at 27°C + 1C with 12 hr light 
at rh of 40%. Treatments were replicated 4 to 5 times and 
appropriate controls, dipped in distilled water, were in¬ 
cluded. 
Mortality checks were made at 24 hr intervals for 7 
days, after which bioassays were terminated and larvae des¬ 
troyed. Dead larvae were coded, classified into several cate¬ 
gories based on gross pathological changes and removed to 
separate dishes for staining. In addition, the level of 
feeding on lettuce was noted as well as any symptoms suggest- 
infection had begun in living larvae. Moribund larvae 
were not removed unless they were unable to move or correct 
themselves when turned upside down, in which case they were 
considered dead. Sterile applicator sticks were used to 
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probe larvae and make any necessary transfers. Dishes con¬ 
taminated from the putrified remains of dead larvae were 
either swabbed with bleach on cotton tipped applicators or 
larvae were transferred to sterile petri dishes. Every 
effort was made to prevent cross contamination between treat¬ 
ments. At the end of assays results were collated and per¬ 
centage mortalities were tabulated. 
Microscopic Examination of Dead Larvae. Representative lar¬ 
vae were chosen for microscopic observation from those that 
had succumbed to treatments. Larval smears were prepared 
by allowing internal fluid (from hemolymph where possible) 
bo drain onto a slide. This was accomplished by tearing the 
integument of the larvae with two sterile bent bacteriologi¬ 
cal loops. Smears were fixed and stained with safranine, 
crystal violet, Amidoswartz or Gram's stains. Stains were 
observed at lOOOx under a light microscope and the predomin¬ 
ant bacterial morphological types were recorded. 
Growth and Testing of Bioassay Cultures. 
Chitinolytic bacteria. Chitinolytic bacteria were 
grown on chitin broth according to the conditions described 
above and were harvested between day 22 and 26 for use in • 
bioassays. At the start of each assay chitinase and pro¬ 
tease titers were measured and total protein in the culture 
was determined. In addition, bacteria were enumerated. 
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Generally, dilutions of 1:5 and 1:10 were prepared for gram¬ 
negative chitinolytic strains since undiluted cultures were 
found to be highly lethal (i.e., 80-100% kill when chitino¬ 
lytic bacteria were used alone). Gram-positive chitinolytic 
strains tended to be less pathogenic than gram-negative 
strains and as a result lower dilutions were prepared for 
the former (1:1 or 1:2). However, dilutions varied accord¬ 
ing to the pathogenicity of cultures which was determined 
by performing potency pretests on each culture. Chitinoly¬ 
tic strains were diluted in an effort to attain between 30- 
60% mortality. This mortality range was selected so that 
any synergistic or additive effects of combined treatments 
would not be masked by the chitinolytic strain alone. 
Bacillus thuringiensis. Flasks containing 100 ml of 
thuringiensis sporulation medium (see Appendix II) were 
inoculated (2% inoculum) for a 24 hr TSB culture. Sporula¬ 
tion flasks were incubated at 27°C for 5 days on a shaker. 
At day 5 flasks were removed from the shaker and an Amidoswartz 
spore and crystal stain was prepared (117) . 
The culture was selected for use in bioassays only 
if the presence of spores and crystals (i.e., 6-endotoxin) 
was confirmed. Dilutions prepared for use in bioassays var¬ 
ied according to the variety and potency of cultures. Two 
strains of B. thuringiensis were selected and assayed over 
a range of dilutions in order to establish an LD Both 
■«/ V 
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strains were highly pathogenic, however, one (strain HD-10) 
was obtained from our culture collection while the other 
(strain 6A) was a field collected untyped strain. As was 
the case for chitinolytic strains, B. thuringiensis strains 
alone were diluted to achieve a final larval mortality of 
30-60%. 
Fermentative bacteria. Fecal streptococci and fermen¬ 
tative bacteria isolated from gypsy moth larvae were inocu¬ 
lated into TSB flasks (50 ml) and incubated for 24 hr. A 
2* inoculum was transferred into fermentation medium (see 
Appendix II) and flasks were incubated for 48-72 hr at 30°C 
without shaking. Drop plates were prepared subsequent to 
the incubation period. Dilutions were not prepared for 
bioassays since undiluted cultures generally produced low 
mortalities. 
RESULTS 
Bacterial Isolation and Identification 
Isolation and Selection of Chitinolytic Bacteria. The pre¬ 
liminary selection of chitinolytic bacteria was based on 
the ability of strains to clear chitin agar. The clearing 
of chitin agar represented the solubilization of chitin by 
hydrolysis of glycosidic linkages resulting in the produc¬ 
tion of short chain polysaccharides. Among the 68 isolates 
which were found to clear chitin, 45 were received from the 
1974 collection, while 23 were collected by this author in 
1975. In addition to the 68 isolates obtained in 1974 and 
1975, 14 chitinolytic bacteria were recovered in 1976 during 
the isolation of fermentative bacteria from gypsy moth lar¬ 
vae. Isolates included fungi and actinomycetes (mostly 
Streptomyces spp.) in addition to bacteria. Clearing reac¬ 
tions on chitin agar were recorded after 10 days incubation 
at room temperature. This allowed slow growers adequate time 
to elaborate chitinase, although the incubation period was 
sufficiently short to prevent dessication of chitin agar. 
Additionally, prolonged incubation beyond 10 days resulted 
ln frequent contamination of plates with fungal growth. 
Zones of clearing on chitin agar were ranked and classified 
according to the following measurements: 
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+ - 0.1 - 2.0 mm 
++ - 2.1 - 3.0 mm 
+++ - 3.1 - 6.0 mm 
++ + ^5 — 6.1 - 7.9 mm 
++++ - £ 8.0 mm 
A total of 82 isolates demonstrated chitinolytic abil¬ 
ity. Fifty-four were categorized as 3+ or 4+ clearers, 
while 28 were classified as 1+ or 2+ clearers. Several 
strains were ranked initially as 3+ or 4+ clearers, however, 
upon storage a weakening of chitinase activity was observed. 
Chitinase activity was quantified for 45 isolates 
and further morphological and biochemical characterization 
of these organisms conducted. This group included 15 4+ 
clearers, 26 3+ or 3^+ clearers, and 4 isolates showing only 
small zones of hydrolysis (1+ and 2+ clearers). Final se¬ 
lection of 6 strains was based on a strong ability of these 
strains to produce chitinase in broth cultures while pos¬ 
sessing morphologically and biochemically distinct character¬ 
istics. In Table 1 are presented biochemical test results 
used in the preliminary examination of 3 chitinolytic, gram¬ 
negative strains selected. Each of these 3 strains were 
examined using light and phase contrast microscopy (lOOOx) 
and they were found to be short coccobacilli. The results 
of preliminary biochemical tests indicated that the 3 strains 
were closely related. However, strain CH501B demonstrated 
slight starch reduction, while the other two strains (CH134 
and CH260) were unable to hydrolyze this polysaccharide. 
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TABLE 1 
BIOCHEMICAL AND MORPHOLOGICAL CHARACTERISTICS OF THREE 
GRAM-NEGATIVE CHITINOLYTIC L. DISPAR L. ISOLATES 
Biochemical Chitinolytic Strain Erwinia 
Test CHI 34 CH260 CH501B SPP- 
Gram reaction - — — — 
Bacterial size very very very straight 
and shape at short short short rods (0.5- 
lOOOx cocco- cocco- cocco- 1.0 x 1.0- 
bacilli bacilli bacilli 3.0y) 
Lipase + + + V 
Gelatin 
liquifaction + + + +(13/17) 
Litmus milk PRC PRC PRC V 
(final pH) (6.3) (6.3) (6.5) 
Catalase + + + + 
Starch reduction - — V -(15/17) 
Motility + + + + 
Citrate as sole 
carbon source + — + V 
Oxidase — — — — 
Nitrate reduction + + + +(15/17) 
OF Medium (dextrose) 
Oxidative + + + + 
Fermentative + + + + 
Acid & gas from 
carbohydrates in 
purple broth base 
Glucose +g +g + + 
Fructose +g +g + + 
Sucrose +g +g + + 
Galactose +g +g + + 
Lactose — V 
Maltose +g +g + V 
Key: 4- = positive reaction - = negative reaction 
V = variable P = proteolysis R = reduction 
C = curd formation g = gas production 
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In addition, strain CH260 deviated from the other two strains 
by demonstrating an inability to utilize citrate as a car¬ 
bon source. Among sugar fermentation tests acid production 
was consistent for all 3 strains, however, strain CH501B 
was unable to produce gas from sugars while the other two 
strains produced significant amounts of gas. All 3 gram¬ 
negative isolates when grown on TSA plates developed white, 
small to medium colonies appearing circular, slightly con¬ 
vex with entire margins. In addition, colonies were mucoid 
and shiny in appearance and had a rapid growth rate. 
The 3 gram-negative strains selected were classified 
as Enterobacteriaceae and an attempt was made to classify 
strains further to the tribe level. The tribe which con¬ 
formed most nearly to the results presented for morphologi¬ 
cal and biochemical criteria was the Erwiniae according to 
Bergy's Manual for Determinative Bacteriology (9). In addi¬ 
tion to the above Manual other sources were consulted to 
establish the biochemical reactions of Erwinia spp. presented 
in Table 1 which included Skerman (110) and Dye (34). 
In Table 2 are presented biochemical test results 
used in the selection of 3 gram-positive strains. As was 
the case for the gram-negative isolates, the majority of bio¬ 
chemical test results were the same for each strain. How¬ 
ever, several exceptions occurred. Strain CH503A2 appeared 
as a medium to long rod, while the other 2 strains were 
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TABLE 2 
BIOCHEMICAL AND MORPHOLOGICAL CHARACTERISTICS OF THREE 
GRAM-POSITIVE CHITINOLYTIC L. DISPAR L. ISOLATES 
Biochemical Chitinolytic Strains 
Test CH188B CH220B CH503A2 
Gram reaction + + + 
Bacterial size short to short to medium to 
and shape at medium medium long 
lOOOx bacilli bacilli bacilli 
Spores C,S,E* C,S,E C,S,E 
Lipase + — + 
Gelatin 
liquifaction — — — 
Litmus milk slight R slight R slight R 
(final pH) (5.7) (5.8) (5.8) 
Catalase + + + 
Starch reduction + + + 
Motility — — - 
Citrate as sole 
carbon source — — — 
Oxidase + + + 
Nitrate reduction — — - 
OF medium (dextrose) 
Oxidative + + + 
Fermentative 
Acid & gas from 
carbohydrates in 
purple broth base 
+ + + 
Glucose + + + 
Fructose + + + 
Sucrose + — — 
Galactose + + 4- 
Lactose + + + 
Maltose + — — 
Key: + = positive reaction - = negative reaction 
_ = weak positive reaction R = reduction 
^Dominant position, distention of sporangium, shape 
C = central S = slight E = elliptical 
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shorter rods. Strain CH220B did not produce lipase, but 
showed slight oxidase activity, both criteria differing from 
the other two strains. Some variability occurred in sugar 
fermentation reactions between the 3 strains. Strain CH188B 
was a weak fermenter which produced only slight amounts of 
acids. All strains conformed to the definition of Bacillus 
whereby each strain possessed 1 spore per cell under sporu- 
lation conditions. The genus Bacillus was not included in 
Table 2 since most biochemical criteria are variable for 
Bacillaceae. 
Morphologically, the gram-positive isolates selected 
differed. Strain CH188B produced medium, white, circular 
colonies which were raised or somewhat convex with entire 
margins and mucoid to shiny in appearance. In contrast, 
CH220B and CH503A2 were opaque to translucent, smaller, 
irregular colonies appearing flat to convex with a slightly 
shiny, grainy character. Strain CH220B produced colonies 
with undulate margins. Colonies of strain CH503A2 similarly 
possessed undulate margins, but not as pronounced as in 
the former. All 3 gram-positive strains were slow growers 
requiring 24-40 hr at 30°C for colony formation on TSA. 
From the preliminary biochemical test results, shown 
in Table 1, gram-negative strains were initially identified 
to the genus Erwinia. In Table 3 is shown further biochem¬ 
ical tests conducted in an attempt to identify these 
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TABLE 3 
ADDITIONAL BIOCHEMICAL CHARACTERISTICS USED TO SPECIATE THREE 
GRAM-NEGATIVE CHITINOLYTIC L. DISPAR L. ISOLATES 
Biochemical Chitinolytic Strains 
Erwinia 
herbicola 
Test CHI 34 CH260 CH50IB var. herbicola 
IMViC series 
Indol — — - — 
Methyl red — + — — 
V-P + + + + 
Citrate + — + + 
Urease - — — — 
TSI slants 
Slant Aik Aik Aik 
Butt A A A unknown 
h2s — — — 
Acid & gas from 
carbohydrates 
in purple broth 
base 
Arabinose +g +g — + 
Dulcitol - — — - 
Lactose — — — V 
Mannitol +g +g + + 
Mannose + +g + + 
Ribose +g +g + + 
Sorbitol +g +g + + 
Key: + = positive reaction negative reaction 
+ = weak positive reaction V = variable 
Aik = alkaline A = acid g = gas production 
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microorganisms to the species level. Tests conducted in¬ 
cluded: the IMViC series, urease production. Triple Sugar 
Iron (TSI) reactions and fermentative ability on 6 additional 
sugars to those examined in Table 1. Strain differences oc¬ 
curred in the methyl red test, Voges-Praskauer test and in 
the ability to utilize citrate as the sole source of carbon. 
In addition, variations occurred in the production of acid 
from arabinose and in gas production from all fermentation 
tests. The 3 gram-negative strains conformed biochemically 
most nearly to Erwinia herbicola var herbicola as shown in 
Table 3. 
Isolation and Selection of Fermentative Bacteria. Fermen¬ 
tative bacteria were isolated in an effort to modify the 
mesenteron pH of healthy gypsy moth larvae. In Table 4 is 
shown the percentage of larvae at each instar of the total 
number examined that possessed between 0 and 3 or more iso¬ 
lates. The number of microorganisms per larvae increased 
as the instar increased. For example, the percent of lar¬ 
vae containing no isolates (i.e., sterile under isolation 
conditions) was 42% among lst-2nd instars. However, among 
5th instars only 10% were shown to be sterile. In contrast, 
while 35% of 5th instars carried a microbial flora of 3 or 
more per larva only about 3% of lst-2nd instars possessed 
the same number of isolates. Diseased larvae contained 
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TABLE 4 
PERCENT OF L. PISPAR L. LARVAE AT DIFFERENT INSTARS FROM WHICH 
VARIOUS NUMBERS OF BACTERIAL ISOLATES WERE OBTAINED 
Larval 
Instar 
Number of 
Larvae 
Examined 
Total 
No. of 
Iso¬ 
lates 
Number of Isolates 
Recovered/Larva 
Sterile 
0 1 2 3 or More 
HEALTHY LARVAE 
1st - 2nd 36 25 41.6* 52.7 2.7 2.7 
3rd 56 68 35.7 33.9 12.5 17.9 
4 th 30 47 20.0 33.3 23.3 23.3 
5th 20 44 10.0 30.0 25.0 35.0 
DISEASED OR DEAD LARVAE 
1st - 3rd 17 8 64.7 23.5 11.7 0.0 
Total 159 192 34.0 36.5 13.8 . 15.7 
^Expressed as percent of number of larvae examined. 
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fewer microorganisms than healthy caterpillars (65% were 
sterile under the isolation conditions). 
Of the 192 isolates recovered from 159 gypsy moth 
larvae, 113 were bacterial isolates (including actinomycetes) 
and 79 were fungal strains. Fermentative bacterial isolates, 
which demonstrated growth at alkaline pH with the production 
of significant amounts of acidic endproducts, were subjected 
to the scheme presented in Figure 1. Twenty-four strains 
were selected from fermentation step I and these bacteria 
were subjected to fermentation step II. The 6 strongest 
isolates were retained for later use in bioassays as pH pois¬ 
ing agents of the larval mesenteron. In Table 5 is shown 
the fermentative reactions of these 6 strains subjected to 
fermentation step II. No strains were recovered which were 
capable of fermenting all the sugars tested under all 4 in¬ 
cubation conditions. However, 5 strains were able to fer¬ 
ment galactose, lactose and maltose at pH 6.8 aerobically 
while strain F69A fermented galactose and maltose but not 
lactose under the same conditions. In addition, acid pro¬ 
duction under anaerobiosis was shown by all strains on at 
least 1 sugar in fermentation step II. Fermentation step 
II produced weak reactions for sugars incubated anaerobically 
at pH 9.0. Nevertheless, the 6 isolates selected were con¬ 
sidered strong fermenters even at high initial pH values 
based on the results shown in fermentation step I (i.e., 
when grown on glucose, fructose and sucrose). 
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Chitinolytic Ability of Pure Cultures. Bacillus thuringiensis 
varieties were streaked onto chitin agar to determine their 
chitinolytic ability. Some serotypes demonstrated strong 
clearing reactions (HD-10, K-18/107, 1328, etc.) while others 
were unable to hydrolyze chitin (EW-2, E-l, 6A, etc.). Fecal 
streptococci were unable to grow on chitin as a sole source 
of carbon. 
Fermentative Ability of Fecal Streptococci in vitro. The 
fermentative ability of fecal streptococci when grown on 
high carbohydrate or protein-rich media is shown in Figure 
2. In Figure 2A-D is shown the ability of 4 strains of 
fecal streptococci to effect declines in pH from initial 
values of 8.8 to 5.0 or below within 12 hr when incubated 
anaerobically on a highly buffered carbohydrate-rich medium. 
As the alkalinity was increased (up to pH 10.0) a slower 
decline in pH occurred. Nevertheless, even at an initial 
pH of 10.0, all fecal streptococci tested produced a decline 
in pH to below 5.0 within 24 hr. In Figure 2E-F is demon¬ 
strated the ability of S. fecalis var zymogenes and S. faecium 
to lower the alkaline pH in a high carbohydrate medium incu¬ 
bated aerobically. Although a rapid drop in pH occurred 
(within 12 hr the pH dropped to 5.0) for both strains when 
the medium was adjusted to pH 8.8, production of acidic end- 
products was considerably slower when the initial pH was 
FIGURE 2 
The ability of various strains of fecal streptococci 
to ferment carbohydrate-containing and protein-rich 
media with the production of acidic metabolites under 
various conditions. 
A - D. Incubated anaerobically on a high 
carbohydrate medium at various initial 
pH values: 
O-O pH 8.8 O-O pH 9.6 
O-O pH 10.0 
Strains were inoculated as follows: 
A. Streptococcus fecalis var liquifaciens 
B. Streptococcus fecalis var zymogenes 
C. Streptococcus faecium 
D. Streptococcus durans 
E - H. Incubated aerobically on a high carbo¬ 
hydrate medium (E and F) and a protein- 
rich medium (G and H) at various initial 
pH values: 
O-O pH 8.8 or 9.6 
q_OPH 9.6 or 9.8 
O_O PH 10 * 5 
Strains were inoculated as follows: 
E. Streptococcus fecalis var zymogenes 
F. Streptococcus faecium 
G. Streptococcus fecalis var zymogenes 
Streptococcus faecium H. 
0
 *0 I 
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above 9.0. Nevertheless, after prolonged incubation for 
48-72 hr both strains reduced pH to below 5.0 aerobically. 
In contrast, when S. fecalis var zymogenes and S. 
faecium were incubated aerobically in a highly buffered pro¬ 
tein-rich medium only very slight declines in pH occurred 
over prolonged incubation periods. Even though acidic end- 
products did not accumulate during protein utilization high 
numbers of bacteria were sustained on the protein-rich med¬ 
ium (e.g., 1.3 x 108 bacteria/ml at pH 9.6 after 12 hr incu¬ 
bation for S. faecium). 
These data demonstrate that fecal streptococci are 
capable of growing at high pH with the concomitant produc¬ 
tion of significant quantities of acidic endproducts. The 
composition of acidic endproducts was not investigated. 
However, S. fecalis and related enterococci yield predomin¬ 
antly lactic acid from fermentation (9). If neutrality of 
the culture is maintained larger amounts of acetate, formate 
and ethanol are produced. London and Appleman indicated 
that aerobic conditions radically altered products of car- 
m 
bohydrate metabolism for S. fecalis and S. faecium (73). 
Buchanan et al. indicated that the final pH in glucose broth 
during carbohydrate metabolism was 4.0-4.4 for these same 
species (9). The findings shown in Figure 2 corroborate 
these results. 
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Cultural Studies and Properties of Chitinolytic Bacteria 
Preliminary Studies to Standardize Growth in Chitin Broth. 
Preliminary investigations were performed to standardize 
growth in chitin broth. Strain CH134 was considered to be 
the most representative of chitinolytic strains and was, 
therefore, used in these studies. The results are reported 
as ancilliary data in Appendix I. 
Growth of Chitinolytic Strains on Crude Commercial and Puri¬ 
fied Colloidal Chitin. Chitinolytic bacteria were grown 
routinely on crude and purified chitin broths for use in 
biological assays. Thus, growth conditions were standardized 
to provide reproducibility between bioassays. Chitinase 
activity (expressed in Units) produced by 3 gram-negative 
strains (CH134, CH260 and CH501B) grown in 3.0% crude chitin 
broth over a 45 day incubation period is shown in Figure 3. 
The highest chitinase activity (48 Units) was produced by 
strain CH501B on day 24. Strains CH134 and CH260 similarly 
showed maximal activity on day 24, producing 20.4 and 24.6 
units, respectively. Subsequent to achieving peak titers, 
slight declines in chitinase activity were observed by all 
3 strains. However, chitinase titers stabilized close to 
maximum levels when cultures were incubated over longer 
periods. 
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FIGURE 3 
Units of chitinase activity produced by three gram¬ 
negative chitinolytic L. dispar L. isolates incubated 
in crude commercial chitin broth in the dark at 27°C 
on a rotary shaker (115 oscillations per min) over a 
45 day period. 
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In Figure 4 is shown the ability of 3 gram-positive 
strains (CH188B, CH220B and CH503A2) to produce chitinase 
in crude chitin broth. Chitinase activity was similar for 
all 3 strains, reaching maximal levels between days 24 and 
26. However, chitinase titers were much lower than those 
produced for gram-negative cultures, the highest titer 
achieved being only 4.3 units for strain CH188B. Similar 
to gram-negative strains, chitinase activity for gram-posi¬ 
tive strains declined after reaching peak titers; however, 
titers did not increase again or increased only slightly 
in the case of strain CH188B. 
Chitinase production on 1.5% purified chitin is shown 
in Figures 5 and 6 for gram-negative and gram-positive strains, 
respectively. Chitinase production by gram-negative strains 
grown on purified chitin (Figure 5) was lower than that 
produced on crude chitin. While strain CH501B produced a 
maximum titer on purified chitin (40 units) nearly as high 
as that produced on crude chitin, enzyme production peaked 
3 days earlier. Chitinase activity produced by strains 
CHI34 and CH260 on purified chitin was less than 50% as high 
as that produced on crude chitin and peak activity was reached 
even earlier (day 19) than for strain CH501B. 
As was the case for strains CH134 and CH260, gram- 
positive strains (Figure 6) produced considerably lower 
titers on purified chitin than on crude chitin (ca. 50% 
FIGURE 4 
Units of chitinase activity produced by three gram¬ 
positive chitinolytic L. dispar L. isolates incubated 
in crude commercial chitin broth in the dark at 27 C 
on a rotary shaker (115 oscillations per min) over a 
45 day period. 
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FIGURE 5 
Units of chitinase activity produced by three gram- 
negative chitinolytic L. dispar L. isolates incubated 
in purified colloidal chitin broth in the dark at 27°C 
on a rotary shaker (115 oscillations per min) over a 
30 day period. 
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FIGURE 6 
Units of chitinase activity produced by three gram-posi¬ 
tive chitinolytic L. dispar L. isolates incubated in 
purified colloidal chitin broth in the dark at 27°C 
on a rotary shaker (115 oscillations per min) over a 
37 day period. 
3
.0
1
 
□
-
*
a
 
C
H
 1
8
8
B
 
79 
cvi 
(SlINfl) A11AI1DV 3SVNI1IH0 
A
G
E
 
O
F 
C
U
L
T
U
R
E
 
(D
A
Y
S
) 
80 
lower activity on purified chitin). Strains CH188B and 
CH503A2 reached peak titers by day 16 on purified chitin 
compared to day 24 on crude chitin. Strain CH220B, on the 
other hand, did not produce maximum chitinase activity until 
day 31. 
Protease activity, also expressed in units, was sim¬ 
ilarly measured for these 6 chitinolytic strains. In Figure 
7A is shown protease production by the 3 gram-negative strains 
on crude chitin. Strain CH501B produced the highest pro¬ 
tease activity with maximum proteolysis occurring at day 
21. Strains CH134 and CH260 produced between 11 and 13 
units of protease reaching peak titers at days 21 and 15, 
respectively. The production of protease by these strains 
grown on purified chitin is shown in Figure 7B. Strain 
CH501B produced slightly less protease activity when grown 
on purified chitin than on crude chitin; however, peak activ¬ 
ity was reached earlier (day 15). In accordance with chi¬ 
tinase data, strains CH134 and CH260 produced much less pro¬ 
tease when grown on purified chitin than when crude chitin 
was the substrate. Protease titers produced by gram—posi¬ 
tive isolates were low on both crude and purified chitin. 
In addition to measuring chitinase and protease activ¬ 
ities, culture pH was monitored for chitinolytic strains 
grown in crude and purified chitin broths. In Figure 8 
are shown the changes in pH which occurred when 3 gram- 
negative strains were grown in chitin broths. Trends in 
FIGURE 7 
Units of protease activity produced by three gram¬ 
negative chitinolytic L. dispar L. isolates incubated 
in crude and purified chitin broths in the dark at 27°C 
on a rotary shaker (115 oscillations per min) over a 
45 day period. 
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A Crude Chitin 
30- 
- CH134 
- CH 260 
- CH50IB 
20- 
I 0- 
B Purified Chitin 
30 
20- 
10- 
AGE OF CULTURE (DAYS) 
FIGURE 8 
Changes in culture pH produced by three gram-negative 
chitinolytic L. dispar L. isolates incubated in crude 
and purified chitin broths in the dark at 27°C on a 
rotary shaker (115 oscillations per min) over a 52 
day period. 
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pH in both crude chitin (Figure 8A) and purified chitin 
(Figure 8B) broths were similar, the alkalinity of cultures 
increasing as cultures aged. Strains CH134 and CH260 pro¬ 
duced steady increases from an initial pH of 7.2 to ca. 8.5 
over 30 days incubation, after which pH stabilized. Strain 
CH501B demonstrated an even more rapid increase in pH after 
an initial decline between day 1 and day 5. - 
Since each chitin monomer is N-acetylated and chitin 
broth has a high initial concentration of ammonium sulfate, 
ammonia concentration was measured at various intervals to 
investigate whether increased ammonia concentration was 
responsible for increased pH over the incubation period of 
x 
the culture. Ammonia concentrations were measured only on 
the 3 gram-negative cultures grown on purified chitin. 
Ammonia concentration increased for strain CH134 up to day 
10 and then declined. On the other hand, strains CH260 and 
CH501B demonstrated a constant increase in ammonia from day 
2 (742 and 1020 ppm, respectively) to day 29 (1856 and 1926 
ppm, respectively). Overall, ammonia concentration increased 
in relationship to pH increases for strains CH260 and CH501B; 
however, increases in pH and ammonia concentration on indi¬ 
vidual days were not highly correlated. 
In Figure 9 are shown pH changes during growth of 
gram-positive strains. Results were similar to pH changes 
recorded for gram-negative strain CH501B. On purified chitin 
FIGURE 9 
Changes in culture pH produced by three gram-positive 
chitinolytic L. dispar L. isolates incubated in crude 
and purified chitin broths in the dark at 27°C on a 
rotary shaker (115 oscillations per min) over a 52 day 
period. 
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strain CH503A2 produced the greatest pH change of any cul 
ture by first decreasing on day 4 to pH 5.35 and then increas 
ing steadily to pH 8.5 by day 21. 
In addition to the above measurements, the number of 
viable bacteria was determined for each culture at various 
intervals during the culture growth period and this was com¬ 
pared to rates of elaboration of chitinase and protease into 
the culture medium. In Figure 10A-C is shown the results 
for strains CH134, CH260 and CH501B, respectively. Bacter¬ 
ial numbers followed a typical growth curve whereby numbers 
increased logrithmically between days 1 and 10, counts re¬ 
mained in a stationary phase from day 10 to about day 21, 
and bacterial levels declined rapidly after 25-26 days. 
This data demonstrates that peak chitinase titers were not 
reached until cultures were in their decline phases of growth, 
In addition, chitinase titers stabilized just below peak 
titers or even increased again (see Figure IOC) as much as 
35 days subsequent to the death of vegetative bacteria. In 
Figure 10A-C additional data are presented of protease titers 
in relation to chitinase levels and log bacterial numbers. 
Protease, in contrast to chitinase, was elaborated in the 
same manner as a constitutive exocellular enzyme. Protease 
activity increased logrithmically from day 0 with no appar¬ 
ent lag phase and peaked during the later part of the bac¬ 
terial stationary phase. For these strains protease activity 
declined as bacterial growth reached the death phase. 
FIGURE 10 
Correlation between log number of bacteria per ml 
( □-□ ) , units of protease activity ( A-A ) , 
and units of chitinase activity ( O-O ) of six 
chitinolytic L. dispar L. isolates incubated in 
crude chitin broth in the dark at 27°C on a rotary 
shaker (115 oscillations per min) over a 45 day 
period. 
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In Figure 10D-F is shown the same measurements for 
gram-positive chitinolytic strains as was presented for gram¬ 
negative isolates in Figure 10A-C. Gram-positive strains 
reached maximum bacterial numbers considerably earlier than 
was the case for gram-negative strains. In addition, after 
an initial decline in bacterial numbers of 1-2 log units, 
cultures sporulated reaching a stabilized condition. Chi- 
tinase activity for these strains, in accordance with gram¬ 
negative strains, reached peak production only after 21 days 
or more of incubation. Protease titers for strains CH188B, 
CH220B and CH503A2 were low. Nevertheless, they peaked sub¬ 
sequent to stabilization of bacterial numbers. 
Growth of Strain CH501B on Non-chitinous Substrates. Since 
strain CH501B demonstrated the highest protease and chitin- 
ase activity on crude and purified chitin broths, this strain 
was selected for growth on proteinaceous substrates which 
included: beef extract, casein, peptones (TSB) and yeast 
extract. In addition, glucose broth, deficient in protein, 
was used for growth of this strain. Growth on crude and 
purified chitin broths were included for comparison with 
growth in the above media. The results of growth by strain 
CH501B on these substrates are shown in Table 6. Chitinase 
and protease activity, total protein, bacterial numbers and 
final pH of cultures are shown at various incubation periods. 
Chitinase titers were very high on crude and purified chitin, 
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while protein substrates produced relatively low chitinase 
activity. The highest chitinase elaboration was shown in 
casein medium among the protein substrates (6.0 units by day 
12). Glucose, on the other hand, produced only very low 
levels by day 12 (0.16 units), but chitinase began to accumu¬ 
late during the bacterial decline phase reaching 2.27 units 
by day 23. These results substantiate the above findings 
which showed that chitinase was elaborated by these strains 
predominantly upon death and possibly upon autolysis of bac¬ 
terial cells. The ability of these chitinolytic bacteria 
to elicit the production of chitinase on proteinaceous sub- 
strates and glucose challenges the concept that microbial 
chitinases are inducible, requiring the presence of chitin 
or related molecules for the induction process. 
Protease titers were similar on all substrates tested 
with highest activity being recorded on crude chitin (31 
units). These results support the contention that the pro¬ 
tease is a constitutive enzyme in these species. 
As was expected, total protein levels (mg/ml) were 
high on protein-rich media and low on media deficient in pro¬ 
tein. Crude chitin contained high quantities of protein in 
association with chitin, while purified chitin was deficient 
in protein. This explains higher protein levels produced 
on crude chitin than on purified chitin. 
In Table 6 there is further illustration of bacterial 
growth on the various substrates. Crude chitin yielded 
92 
extremely high bacterial numbers (5.4 x 10^) as did purified 
chitin (1.2 x 10^). The high number of bacteria produced 
was apparently due to the large surface area available on 
the chitinous substrate. Bacterial numbers produced on other 
media were lower. 
As cultures containing strain CH501B aged, pH increased 
to almost 8.5 and remained stabilized at this level. How¬ 
ever, in glucose medium the final pH declined to 6.2. 
In Figure 11 is shown further trends in chitinase 
activity in relationship to changes in bacterial numbers 
for strain CH501B grown on the protein media described above. 
The trends were similar to those reported for growth on crude 
chitin. In Figure 11A is shown results with beef extract 
and casein media, while in Figure 11B are presented data on 
growth and chitinase production in TSB and yeast extract. 
Chitinase was not detected in the culture fluid on protein 
media until day 5 after which a concomitant decline in bac¬ 
terial numbers occurred. These results corroborate earlier 
findings (Figure 10) which demonstrated that chitinase con¬ 
tinued to be released upon cell lysis. 
In Figure 12 is shown pH changes in culture fluid 
over the incubation period of strain CH501B grown on the 
4 protein substrates and glucose. While pH increased from 
6.5-6.8 on day 1 to above 8.5 by day 15 on the 4 protein 
sources, glucose medium maintained pH stability at pH 6.2. 
FIGURE 11 
Correlation between log number of bacteria per ml 
and chitinase activity of chitinolytic L. dispar 
L. isolate CH501B incubated in four protein-rich media 
in the dark at 27°C on a rotary shaker (115 oscilla¬ 
tions per min) over a 20 day period. 
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FIGURE 12 
Changes in culture pH produced by chitinolytic L. 
dispar L. isolate CH501B incubated in four protein- 
rich media and glucose medium in the dark at 27°C on 
a rotary shaker (115 oscillations per min) over a 15 
day period. 
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Properties of Bacterial Chtinases and Proteases. The opti¬ 
mum pH for chitinase activity was established for the 3 
gram-negative and the 3 gram-positive strains and the re¬ 
sults are shown in Figure 13 and Figure 14, respectively. 
The optimum pH for strain CH134 was shown to be 6.1 using 
citrate buffer (0.1 M) . Strain CH260'had an optimum pH of 
5.7 for chitinase activity, while strain CH501B produced 
maximum release of NAG at pH 5.5. Strain CH501B maintained 
75% of its maximum activity at pH 4.2, while less than 50% 
of the total activity remained at pH 7.8. The chitinase from 
this strain was very stable (maintaining above 90% relative 
activity) between pH 4.7 and pH 6.0. The chitinase yield 
of strain CH134 reflected a pH optimum curve similar to 
CH501B, the former strain retaining almost 60% relative 
activity at pH extremes 4.2 and 7.3. On the other hand, for 
strain CH260 the relative chitinase activity declined more 
rapidly within a shorter pH range than was the case on the 
other two strains. 
The optimum pH for gram-positive strains was shown 
to be similar to that demonstrated for gram-negative strains 
(Figure 14). However, in contrast to gram-negative strains, 
strains CH188B and CH220B maintained maximal enzyme activity 
over a pH range from 5.35-6.15 and pH 5.4-6.6, respectively. 
Strain CH503A2 showed optimum chitinase activity at pH 5.75 
with activity declining rapidly as pH deviated from this 
FIGURE 13 
Relative chitinase activity of three gram-negative 
chitinolytic L. dispar L. isolates at various pH 
values. 
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FIGURE 14 
Relative chitinase activity of three gram-positive 
chitinolytic L. dispar L. isolates at various pH 
values. 
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value. A loss of activity occurred rapidly for all 3 strains 
above pH 7.0. 
Other properties of strain CH501B chitinase are shown 
in Table 7. In this table are presented data on ammonium 
sulfate fractionation and dialysis of crude chitinase har¬ 
vested from a day 27 culture grown on crude chitin. Dialy¬ 
sis of the crude enzyme resulted in no loss of activity, 
however, the specific activity nearly doubled. A 90% frac¬ 
tionation with ammonium sulfate in 3 steps yielded an 83.7% 
recovery of chitinase activity. The maximum chitinase activity 
occurred in the fraction which precipitated between 30-60% 
saturation with ammonium sulfate. 
The optimum pH for protease activity was similarly 
calculated for the 3 gram-negative strains. As shown in 
Figure 15, gram-negative strains produced an alkaline pro¬ 
tease. Strains CH134 and CH501B showed maximal protease 
activity at approximately pH 7.8. Strain CH260, on the 
other hand, produced the highest proteolysis at pH 8.1. 
The protease appeared to be relatively stable with only 25% 
loss of activity at pH 6.5 for strain CH501B. 
PH Determinations in the Alimentary Tract of L. dispar (L.) 
Measurements of pH were made on larvae ranging from 
about 18-36 mm with an overall mean length of 27.9 mm (66.6 
mg mean weight). Larvae selected for dissection were 
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FIGURE 15 
Relative protease activity of three gram-negative chi- 
tinolytic L. dispar L. isolates at various pH values. 
8
0
 
100 
o 
2 8 
5 5 
m 
o 
m 
X 
o 
T-1-1-1-1-I-1-1- 
h- <0 in ro cvj — 
o 6 o o o o o 
A1IAI10V 3AllV“l3y 
6
.0
 
7
.0
 
8
.0
 
9
.0
 
101 
approximately equal in size in all treatments; however, 
since feeding was variable between treatments this was not 
always possible. Larval dissections were conducted at var¬ 
ious time intervals between 4 and 48 hrs following commence¬ 
ment of feeding on doses of acidic compounds, B. thuringiensis 
varieties or fermentative bacteria. Measurements of pH were 
taken on dissected larvae at numerous points along the ali¬ 
mentary tract and in the hemolymph. Alimentary tract mea¬ 
surements were made in the foregut (stomodeum), midgut 
(mesenteron) and hindgut (proctodeum). Single measurements 
were recorded in the fore and hindgut, while 3 to 5 pH de¬ 
terminations were made in the midgut. The pH of the midgut 
varied considerably depending on the diet that was consumed. 
However, only occasional deviations occurred in the foregut 
pH from that found in control larvae, while the hindgut pH 
remained constant irrespective of the diet given. 
The midgut is of endodermal origin and contains the 
peritrophic membrane which may be susceptible to the action 
of chitinase when mesenteron pH and other physiological con¬ 
ditions are optimum for enzyme activity. Therefore, the pH 
fluctuations which occurred following ingestion of these pH 
poising agents were more significant in this region of the 
digestive tract than in either the foregut or hindgut, both 
of which are lined with sclerotized cuticle. 
In Table 8 is shown the mean pH in the midgut of lar¬ 
vae (mean length 28.9 mm and mean weight 69 mg) subsequent 
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to feeding for 4, 10 or 28 hr on 3 acidic compounds. Citric 
acid (1%) amendments to the diet produced the greatest de¬ 
crease in mean midgut pH at each time interval. The mean 
pH over 28 hr of citric acid fed larvae (pH 6.78) declined 
more than 1.5 pH units from that of the control. Ascorbic 
acid (1%) also produced a marked effect on the midgut pH, 
while boric acid (1%) reduced the midgut pH by only a small 
amount (0.5 pH units lower than the control). The control 
pH was slightly lower than expected after 4 hr feeding (7.82). 
Nevertheless, the mean midgut pH over 28 hr was in accordance 
with the findings of others (138). 
In Table 9 is shown the mean pH produced when larvae 
ingested both lethal and sublethal doses of 3 different 
varieties of B. thuringiensis. A total of 89 larvae were 
dissected having a mean length of 28.3 mm (mean weight of 
67.6 mg). When lethal doses of strains BT6A and BTHD-10 
were ingested mean midgut pH declined to 6.33 and 6.13, 
respectively. This was a decrease of nearly 2 pH units from 
the control. On the other hand, when sublethal doses (1:1000 
dilutions of lethal strains) were fed to larvae mean midgut 
pH only decreased to 7.26 and 7.15 for strains BT6A and 
BTHD-10, respectively. As shown in Table 9, sublethal doses 
produced similar pH decreases to lethal doses within the first 
8 hr. However, mean midgut pH of larvae fed sublethal doses 
increased to approximately normal pH (see control pH values) 
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by 24 hr following consumption of doses. Strain BTEW-2, 
which demonstrated only slight pathogenicity to gypsy moth 
larvae, was unable to decrease pH over a 48 hr period. The 
mean midgut pH of control larvae was in agreement with the 
expected pH for this region of the alimentary tract over a 
48 hr period. 
The percent of larvae fed B. thuringiensis doses 
which had mesenterons with a pH entirely below 7.0 as com¬ 
pared to caterpillars with some or all of the mesenteron 
above pH 7.0 is shown in Figure 16. While nearly all con¬ 
trol larvae examined had a portion or all of the midgut above 
pH 7.0, lar.vae fed lethal doses of B. thuringiensis had mesen 
teron pH values almost exclusively below pH 7.0. Sublethal 
doses of BT6A and BTHD-10 produced a lower percent of larvae 
examined with the entire mesenteron below pH 7.0, but even 
these doses resulted in a higher number of larvae with the 
entire midgut below 7.0 than did controls. 
Fermentative bacteria were similarly tested for their 
ability to reduce midgut pH when fed on a dye incorporated 
high carbohydrate diet. The results of feeding 6 fermenta¬ 
tive strains to larvae with a mean length of 25.6 mm (mean 
weight of 61.2 mg) are shown in Table 10. These strains 
produced a substantial decline in mean midgut pH over a 48 
hr incubation period, however, pH changes were not as great 
as those recorded for B. thuringiensis lethal strains. 
FIGURE 16 
Percent of L. dispar L. larvae examined with the en¬ 
tire mesenteron equal to or below pH 7.0 compared to 
percent of larvae with some or all of the mesenteron 
above pH 7.0 following ingestion of sublethal and lethal 
concentrations of B. thuringiensis strains. 
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Five fermentative strains decreased midgut pH approximately 
1 pH unit within 4 hr, while one strain (F48A1) did not cause 
a decline in midgut pH. 
The data shown in Figure 17 corroborate these findings. 
Of the larvae fed strain F69A, 93% had entire midguts equal 
to or below pH 8.0 and only 6.7% had some portion or all of 
the midguts above pH 8.0. Other fermentative strains caus¬ 
ing a drop in midgut pH produced similar results. On the 
other hand, among control larvae only 15.2% had mesenterons 
which were entirely below pH 8.0, while 84.8% showed the re¬ 
verse. 
. As was shown above (Figure 2A-D), fecal streptococci 
possess strong fermentative ability with the production of 
substantial quantities of acid from carbohydrate metabolism. 
As a result, various strains of fecal streptococci were simi¬ 
larly fed to L. dispar larvae in an attempt to lower midgut 
pH. The data in Table 11 demonstrates mean midgut pH values 
produced when 4 strains of fecal streptococci were adminis¬ 
tered on carbohydrate-rich diet to L. dispar larvae. While 
two strains (S. fecalis var zymogenes and S. faecium) pro¬ 
duced a substantial decline in midgut pH values over those 
of control larvae after 4 hr, these values returned to nor¬ 
mal by 24 hr. Larvae fed S. fecalis similarly produced slight 
decreases in midgut pH after 4 hr, however, the pH by 12 hr 
was considerably higher than that of control larvae. On the 
FIGURE 17 
Percent of L. dispar L. larvae examined with the entire 
mesenteron equal to or below pH 8.0 compared to percent 
of larvae with some or all of the mesenteron above pH 
8.0 following ingestion of fermentative L. dispar L. 
isolates. 
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other hand, when S. durans was fed the midgut pH increased 
throughout the entire 28 hr interval similar to that of con¬ 
trol larvae. The presence of fecal streptococci in the gypsy 
moth midgut apparently resulted in an overcompensation of the 
buffering capacity of the insect whereby the final pH by 24 
hr increased above that in the midgut of normal larvae (i.e., 
control larvae). 
The majority of the alimentary tract of gypsy moth 
larvae is composed of mesenteron tissue which is lined inter¬ 
nally with the peritrophic membrane that serves as an exten¬ 
sive barrier through which the insect must guard against the 
invasion of foreign agents and toxic materials. The action 
of chitinase oh the degradation of this protective barrier 
is dependent upon the optimization of pH. If pH optimization 
occurs in any significant portion of the midgut, the resul¬ 
tant lesions produced by chitinolysis of the membrane could 
enhance the facilitation of lethal pathogens or allow the 
penetration of saprophytic bacteria into the hemolymph. 
Therefore, acidification of the entire mesenteron may be un¬ 
necessary if localized regions occur with acid pH ranges which 
favor chitinase activity. In this regard, establishment of 
the pH range over the entire mesenteron in both untreated 
larvae and those receiving treatments which are aimed at 
acidifying localized midgut regions may be more germaine to 
chitinolytic action than a demonstration of the mean midgut 
pH. 
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The data shown in Figure 18 demonstrate midgut ranges 
in individual larvae which received various doses. Vertical 
lines correspond to the pH range determined at the specified 
time interval for individual larvae. As shown, pH ranges in 
the mesenteron of larvae fed strain BT6A or distilled water 
(control larvae) were relatively short with a few exceptions. 
Control larvae generally possessed midgut pH ranges above 8.0, 
while strain BT6A administered at a lethal concentration pro¬ 
duced pH ranges predominantly below 7.0. On the other hand, 
considerable fluctuation in pH throughout the mesenteron was 
demonstrated in acid fed (citric acid) and fermentative bac¬ 
terial fed (strain F80A) larvae. Midgut pH often varied in 
the latter 2 treatments over a range of 1.0 unit, with some 
larvae showing as much as 3.0 units variability in midgut pH. 
Although larvae fed fermentative bacteria demonstrated a mean 
midgut pH above 7.0, the majority of larvae examined pos¬ 
sessed midguts with some portion equal to or below pH 7.0. 
For instance, strain F80A produced a regional midgut pH below 
7.0 in 74% of the larvae examined, while a midgut pH in the 
acid region in only 4.5% of control larvae dissected was demon¬ 
strated. 
Mutualistic Bacterial Interactions in the 
Biological Assay of L. dispar Larvae 
Biological assays were conducted to determine the ex¬ 
tent of pathogenesis produced in L. dispar larvae by 
FIGURE 18 
Variation of pH in the mesenteron of individual L. 
dispar L. larvae after feeding on a B. thuringiensis 
strain, a fermentative L. dispar L. isolate, and citric 
acid for various intervals over a 48 hour period. 
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chitinolytic microorganisms administered alone or with mu- 
tualistic bacterial additives. In preliminary investigations, 
lethality was established for chitinolytic organisms grown 
on enrichment media and crude chitin and the results are 
shown in Table 12. The chitin substrate was variable and 
produced fluctuations in bacterial numbers and enzyme titers 
even for the same strain grown under identical conditions. 
However, TSB or BHI broths produced more consistent growth 
with mortalities which did not exceed 10%, except for strain 
CH501B (16%). On crude chitin gram-positive strains CH188B 
and CH220B showed low mortalities, while strain CH503A2 pro¬ 
duced a mortality of 36% or a 9 fold increase over BHI grown 
CH503A2. Gram-negative strains, on the other hand, produced 
very high mortalities on crude chitin in comparison to mor¬ 
talities produced when grown in enrichment media. Strain 
CH134 showed 87.5% mortality on lettuce treated leaves, while 
strain CH260 produced 69% mortality. However, the highest 
mortality occurred among larvae fed strain CH501B (97%). 
This was in agreement with the highest chitinase and protease 
titers. 
In order to assess the impact of midgut pH on the 
efficacy of chitinase and/or chitinolytic microbes ingested 
by gypsy moth larvae bioassays were conducted after attempts 
were made to lower midgut pH so as to provide an optimum 
environment for enzyme activity. The data in Figure 19 shows 
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FIGURE 19 
Percent mortality of L. dispar L. larvae administered 
per os acidic compounds alone, whole culture aliquots 
of chitinolytic L. dispar L. isolates alone, and 
acidic compounds eight hours prior to whole culture 
aliquots of chitinolytic L. dispar L. isolates. 
Abbreviations are as follows: 
AA - Ascorbic acid (1%) 
CA - Citric acid (1%) 
CP - Citrate-phosphate buffer (0.1 M) 
Mean midgut pH produced over a 28 hour period after 
L. dispar L. larvae fed on acidic compounds alone 
were as follows: 
AA - 7.23 
CA - 6.78 
Control - 8.3 
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the effect of selected acidic compounds which were fed 8 
hr prior to the administration of chitinolytic strains. A 
synergistic increase in mortality was produced when these 
compounds, including ascorbic acid (pH 2.85), citric acid 
(pH 2.5) and citrate-phosphate buffer (pH 2.6), were fed 
prior to doses of chitinolytic strains. The administration 
of acidic compounds alone to larvae resulted in low mortali¬ 
ties (generally under 5%). Lactic and boric acids (1% con¬ 
centrations) produced similar results to those shown for 
citric acid. In contrast, high mortality occurred when 
larvae were fed acetic acid alone (e.g., 59% died within 6 
days after feeding for 8 hr on lettuce leaves dipped in 
2% acetic acid). When acetic acid was administered 8 hr 
prior to strain CH501B, 100% mortality was achieved between 
2 and 3 days after the start of the assay. 
In order to measure synergistic activity produced in 
bioassays with combined treatments, chitinolytic strains 
were often diluted to lower concentrations (final concentra¬ 
tions between 10-20% of crude cultures). The diluted con¬ 
centrations ideally resulted in mortality ranging from 20 
to 50% for chitinolytic doses alone. However, chitinolytic 
doses alone occasionally produced mortalities exceeding 
80% even at these dilutions. When this occurred it was dif¬ 
ficult to measure synergistic or additive effects of com¬ 
bined doses. Nevertheless, the administration of acidic 
118 
compounds prior to chitinolytic strains always produced 
mortalities equal to or higher than chitinolytic strains ad¬ 
ministered alone. 
In addition to acidic compounds, entomopathogenic 
strains of B. thuringiensis were used to produce a decrease 
in pH through the solubilization of toxic crystals in the 
midgut of this Lepidopterous pest (48). One strain (BTHD-10) 
which demonstrated high pathogenicity and which was shown 
to be capable of lowering midgut pH was selected for bio 
assays. Preliminary bioassays conducted on this strain es¬ 
tablished the LD50 and LD2Q, and these were dilutions of 
the culture grown on sporulation medium for 5 days of approx¬ 
imately 1:1000 and 1:5000, respectively. In Table 13 is 
shown the results when various concentrations of strain BTHD-10 
were added to whole culture aliquots of 3 gram—negative chi 
tinolytic strains. At the 1:1000 dilution of BTHD-10 (57.5-6 
mortality produced by strain BTHD—10 alone at this dilution) 
a considerable increase in mortality occurred when this dose 
was added to each chitinolytic strain or strain BTHD—10 alone. 
In addition, the LT5Q (i.e., lethal time for 50% mortality) 
was established somewhat earlier in the combined treatment 
than when either dose was administered alone. When strain 
BTHD-10 was used in combination with each chitinolytic strain 
at a 1:5000 dilution an increase in percent mortality over 
strain BTHD-10 alone at this dilution ranged from 200-660%. 
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TABLE 13 
PERCENT MORTALITY AND LETHAL TIME Q (LT ) VALUES OF 
L. DISPAR L. LARVAE ADMINISTERED PER OS DOSES OF B. 
THURINGIENSIS STRAIN HD-10 ALONE, WHOLE CULTURE 
ALIQUOTS OF CHITINOLYTIC L. PISPAR L. ISOLATES 
ALONE, AND B. THURINGIENSIS STRAIN HD-10 AND 
WHOLE CULTURE ALIQUOTS OF CHITINOLYTIC ISOLATES 
COMBINED IN A 1:1 RATIO 
Treatment Dilution 
Percent 
Mortality 
Percent 
Increase 
Over 
HD-10 
Alone 
T T * 
50 
(Days) 
HD-10 only 1:1000 57.5 - 2.91 
1:5000 12.5 — — 
1:10,000 2.5 — — 
134 only 1:5 57.5 — 3.00 
134 + HD-10 1:5 + 1:1000 87.5 52 2.58 
1:5 + 1:5000 45.0 260 - 
1:5 + 1:10,000 32.5 1200 - 
260 only 1:5 50.0 - 5.00 
260 + HD-10 1:5 + 1:1000 75.0 30 2.00 
1:5 + 1:5000 37.0 200 - 
501B only 1:5 83.0 - 2.40 
501B + HD-10 1:5 + 1:1000 97.5 70 1.95 
1:5 + 1:5000 95.0 660 2.00 
1:5 + 1:10,000 57.5 2200 5.25 
501B only 1:10 50.0 — 6.00 
501B + HD-10 1:10 + 1:5000 96.0 668 1.68 
Control 1:1 0.0 — — 
^Length of time required to achieve 50 percent mortality. 
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However, for strain CH134 and CH260 the mortality of the 
chitinolytic strain + BTHD-10 (1:5000) was lower than the 
chitinolytic strain alone. In contrast, chitinolytic strain 
CH501B produced higher mortality than either strain alone 
when combined with BTHD-10 at 1:5000 dilution. When strain 
CH134 and CH501B were combined with 1:10,000 dilutions of 
strain BTHD-10, mortalities fell below those of the chitino¬ 
lytic strain alone. However, a marked increase in mortality 
above strain BTHD-10 alone in this combination occurred. 
A further 1:10 dilution of strain CH501B added to the 1:5000 
dilution of strain BTHD-10 resulted in a substantial increase 
over either strain tested alone at the same dilution. 
In Table 14 are shown similar results of combinations 
of strain BTHD-10 with the crude supernatants from centri¬ 
fuged cultures of gram-negative chitinolytic strains. These 
combinations produced similar increases in percent mortality 
over strain BTHD—10 administered alone. In addition, LT^q 
values were below those shown for strain BTHD-10 alone. 
These results corroborate those shown in Table 13 for whole 
culture aliquots of chitinolytic isolates added to strain 
BTHD-10. 
Fermentative bacteria were similarly added to whole 
culture aliquots and crude supernatants from centrifuged 
cultures of chitinolytic strains to enhance pathogenicity. 
The results of the addition of various fermentative bacteria 
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TABLE 14 
PERCENT MORTALITY AND LETHAL TIME (LT ) VALUES 
OF L. PISPAR L. LARVAE ADMINISTERED PER^OS DOSES 
OF B. THURINGIENSIS STRAIN HD-10 ALONE, CRUDE EX¬ 
TRACTS FROM CENTRIFUGED CULTURES OF CHITINOLYTIC 
L. DISPAR L. ISOLATES ALONE, AND B. THURINGIENSIS 
STRAIN HD-10 AND CRUDE EXTRACTS FROM CENTRIFUGED 
CULTURES OF CHITINOLYTIC ISOLATES COMBINED IN A 
1:1 RATIO 
Treatment Dilution 
Percent 
Mortality 
Percent 
Increase 
Over 
HD-10 
Alone 
T T * 
Li50 
(Days) 
HD-10 only 1:1000 52.5 — 4.00 
1:5000 27.5 — — 
134 only 1:1 67.5 — 2.33 
134 + HD-10 1:2 + 1:1000 72.5 44 3.00 
1:2 + 1:5000 65.0 188 2.77 
260 only 1:1 45.0 — - 
260 + HD-10 1:2 + 1:1000 60.0 17 3.00 
1:2 + 1:5000 30.0 13 — 
501B only 1:1 85.0 — 2.27 
501B + HD-10 1:2 + 1:1000 95.0 94 1.84 
1:2 + 1:5000 70.0 213 2.57 
Control 1:1 7.5 — — 
^Length of time required to achieve 50 percent mortality. 
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to whole culture aliquots of chitinolytic strains CH134 and 
CH260 are shown in Table 15. Fermentative strains, when 
administered in bioassay alone, produced only low mortali¬ 
ties. However, some larvae fed strains F53B and F90B, which 
survived infections, demonstrated diarrheic symptoms (e.g., 
fecal pellets adhered to each other in chains accompanied 
by mucus-like discharges). Other fermentative strains pro¬ 
duced no apparent symptoms in surviving larvae. Strains 
CHI34 and CH260 both produced higher mortalities than were 
expected at a 1:5 dilution (85% of the larvae tested at this 
dilution died). Therefore, mortalities produced for these 
strains administered alone were not considered to be ideal 
for assessing the effect of mutualistic bacterial additives. 
Nevertheless, mortality increased when combinations were used 
over either dose alone, except for the dose containing strains 
CH260 (1:10)+ F80A (1:2). Increases in mortality of 200-300% 
resulted when high dilutions of strains CH134 and CH260 were 
combined with fermentative bacteria. 
The results of the addition of fermentative bacteria 
to whole culture aliquots of chitinolytic strain CH501B are 
shown in Figure 20. The addition of fermentative strains 
F80A, F90B and F149A to strain CH501B produced increases 
in mortality of between 113 and 120% over the latter strain 
alone. Fermentative strains F53B and F69A produced lower 
increases in mortality than the other strains, but the 
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TABLE 15 
PERCENT MORTALITY AND LETHAL TIME (LT ) VALUES 
OF L. DISPAR L. LARVAE ADMINISTERED PER^OS DOSES OF 
FERMENTATIVE L. DISPAR L. ISOLATES ALONE, WHOLE 
CULTURE ALIQUOTS OF CHITINOLYTIC L. DISPAR L. ISO¬ 
LATES ALONE, AND FERMENTATIVE ISOLATES AND WHOLE 
CULTURE ALIQUOTS OF CHITINOLYTIC ISOLATES COM¬ 
BINED IN A 1:1 RATIO 
Treatment Dilution 
Percent 
Mortality 
Percent 
Increase 
Over 
Chitinolytic 
Strain 
Alone 
IT * 
50 
(Days) 
F53B 1:2 15.0 
F69A 1:2 2.5 
F80A 1:2 0.0 
F90B 1:2 7.5 
134 only 1:5 85.0 — 1.91 
134 + F53B 1:5 + 1:2 95.0 11.8 1.67 
134 + F69A 1:5 + 1:2 87.5 2.9 1.74 
134 only 1:10 7.5 — — 
134 + F80A 1:10 + 1:2 25.0 233.3 — 
134 + F90B 1:10 + 1:2 30.0 300.0 — 
260 only 1:5 85.0 — 1.95 
260 + F53B 1:5 + 1:2 97.5 14.7 1.69 
260 + F69A 1:5 + 1:2 95.0 11.8 1.74 
260 only 1:10 7.5 — — 
260 + F80A 1:10 + 1:2 5.0 — — 
260 + F90B 1:10 + 1:2 22.5 200.0 — 
Control 1:1 0.0 — - 
^Length of time required to achieve 50 percent mortality 
FIGURE 20 
Percent mortality of L. dispar L. larvae administered 
per os fermentative L. dispar L. isolates alone, whole 
culture aliquots of chitinolytic L. dispar L. isolates 
alone, and fermentative isolates and whole culture 
aliquots of chitinolytic isolates combined in a 1:1 
ratio. 
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addition of these strains still resulted in synergistic in 
creases in mortality. 
In Figure 21 are shown the results of experiments in 
which fermentative bacteria were added to crude supernatants 
from centrifuged cultures of chitinolytic isolates which 
contained chitinases. The addition of fermentative strains 
F53B, F80A and F90B to supernatant from strain CH501B re¬ 
sulted in increased kill over individual doses administered 
alone. However, only when fermentative strain F80A was used 
as an additive to supernatant from strain CH501B was a syner 
gistic increase in mortality realized. On the other hand, 
strain F149A in combination with strain CH501B supernatant 
produced lower mortality than strain CH501B supernatant fed 
alone. No explanation for this anomolous result suggests 
itself. 
During bioassays dead larvae were removed (at inter¬ 
vals of 24 hr or less) and their hemolymph was smeared onto 
cleaned glass slides. Smears were stained and examined for 
the presence of various morphological bacterial types. The 
presence of proliferating bacteria in the hemolymph was not 
necessarily related to the mode of death. However, when a 
pure culture of a distinct morphological type of bacterium 
was present this was considered to be indicative of either 
a species which aided in producing pathogenesis in larvae 
through septicemia or a species capable of establishing 
FIGURE 21 
Percent mortality of L. dispar L. larvae administered 
per os fermentative L. dispar L. isolates alone, crude 
extracts from centrifuged cultures of chitinolytic 
L. dispar L. isolates alone, and fermentative isolates 
and crude extracts from centrifuged cultures of chitin¬ 
olytic isolates combined in a 1:1 ratio. 
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itself and proliferating in the hemolymph fluids as a 
saprophytic organism. In either case the dominant organism 
which could grow internally within the larval hemocoel was 
clearly well adapted to this environment. 
Among larvae dying from fermentative doses alone, 
most harbored a mixed bacterial flora in their hemolymph, 
except strains F53B and F90B in which rod-shaped bacteria, 
typical of these isolates, were present. Larvae which suc¬ 
cumbed to whole culture aliquots of chitinolytic strain 
CH501B invariably showed moderate to very heavy infections 
of typical gram-negative coccobacilli throughout the hemo¬ 
lymph. When strain CH501B supernatants were used similar 
# 
pure cultures of coccobacilli, typical of this strain, were 
usually present, but infections were often lighter. When 
fermentative bacteria and strain CH501B were combined the 
resultant dead larvae almost always harbored a heavy infec¬ 
tion of typical CH501B coccobacilli, except in the case of 
strain F90B whereby 50-75% of dead larvae examined contained 
mixed flora within the hemolymph fluid with cell types typi¬ 
cal of both strains F90B and CH501B. The remaining 25-50% 
of larvae which received this treatment had infections con¬ 
taining a pure culture of strain CH501B. Other chitinolytic 
strains when used in combination with both fermentative 
strains and B. thuringiensis produced similar results. 
Generally, when combined doses were used the predominant and 
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often exclusive morphological cell type present in the hemo- 
lymph of cadavers was typical of the gram-negative chitin- 
olytic strains. 
In addition to the microscopic examination of cadavers, 
all dead larvae were classified according to a morphological 
description of the death. Five general categories were es¬ 
tablished and the results of the addition of fermentative 
strains to chitinolytic strains are shown in Table 16. 
This data demonstrates that death among larvae in combined 
doses followed more closely the morphology and symptomatology 
of the chitinolytic strains than of the fermentative strains. 
These findings corroborate the results presented above of 
strains prepared on larvae which succumbed to the same doses. 
Category C, which represented a typical nuclear polyhedrosis 
viral death, was eliminated since no deaths were observed. 
Other fermentative strains which were tested included 
the fecal streptococci. Several bioassays were conducted 
employing fecal streptococci as additives to chitinolytic 
strains. However, since all results were in agreement with 
those shown in Figure 22 for strain CH501B other strains 
were not included. From the data shown it may be concluded 
that fecal streptococci were unable to produce increased 
mortality when added to chitinolytic strain CH501B. In most 
cases the addition of fecal streptococci to strain CH501B 
decreased larval mortality. These results confirm those 
TABLE 16 
PERCENTAGE OF DEATHS IN VARIOUS CATEGORIES OF L. DISPAR L. 
LARVAE ADMINISTERED PER OS FERMENTATIVE L. DISPAR L. 
ISOLATES ALONE, CHITINOLYTIC L. PISPAR L. ISOLATES ALONE, 
AND FERMENTATIVE ISOLATES AND CHITINOLYTIC ISOLATES 
COMBINED IN A 1:1 RATIO 
Categories of death (type of death) 
A - Larvae appeared shrunken, dessicated and brittle 
with symptoms similar to death due to chemical 
insecticide intoxication; similar to death due 
to 6-endotoxin of J3. thuringiensis ♦ 
B - Larvae dead of a bacterial septicemia with hemo- 
coel full of dark brown fluid containing high 
bacterial numbers when observed under either 
light or phase contract microscopy (lOOOx); 
the integument remaining intact, not rupturing 
excessively easily. 
AB - Combination of type A and type B death. Larvae 
variable, but generally somewhat shrunken with 
some degree of dessication; brownish fluid often 
present in the hemocoel when integument is rup¬ 
tured. 
C - Larval death due to a nuclear polyhedrosis virus 
(NPV) with massive amounts of brown fluid in the 
hemocoel; larvae have noticable stench; the integ¬ 
ument ruptures very easily with nearly complete 
disintergration of internal tissues. 
D - Uncharacteristic type of death not conforming 
to symptoms in above categories; symptoms 
variable. 
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FIGURE 22 
Percent mortality of L. dispar L. larvae administered 
per os fecal streptococci alone, whole culture aliquots 
of chitinolytic L. dispar L. isolates alone, and fecal 
streptococci and whole culture aliquots of chitinolytic 
isolates combined in a 1:1 ratio. 
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shown in Table 11 whereby fecal streptococci were unable to 
reduce larval midgut pH. Fecal streptococci were, there¬ 
fore, considered to be ineffective as additives to chitino- 
lytic microorganisms. 
DISCUSSION 
This dissertation was initiated on the premise that 
selected resident microflora, isolated from healthy L. 
dispar larvae, could be induced to produce chitinase in or¬ 
der to elicit a pathogenic response when fed to larvae in 
bioassay. However, preliminary experiments demonstrated that 
variable results were achieved when chitinases or chitino- 
lytic microbes were administered alone. In an effort to 
improve chitinolytic action against gypsy moth larvae, growth 
conditions of chitinolytic strains were standardized and 
the pattern of elaboration of chitinases was examined. In 
addition, the internal environment of the pest was manipu¬ 
lated to provide for increased growth and optimal conditions 
for enzymatic action by the pathogen. This was accomplished 
by using acidic compounds or pH altering bacteria in combin¬ 
ation with chitinolytic isolates which resulted in a mutualis- 
tic attack against this forest defoliator. These synergists, 
when added to chitinolytic microorganisms, poised the mesen- 
teron pH of larvae facilitating increased degradation of the 
recalcitrant peritrophic membrane of larvae. Since the most 
effective chitinolytic strains also produced constitutive 
proteolytic enzymes, the action of proteases on the 
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"arthropodin" fraction of the peritrophic membrane may have 
contributed to the decomposition of the midgut lining. 
However, the role of proteases produced by these bacteria 
is still unknown. 
The chitinolytic bacteria which produced the highest 
pathogenicity to larvae were determined to be gram-negative 
coccobacilli. These microorganisms were found to be bio¬ 
chemically and morphologically related to the Erwinia 
herbicola group. The E. herbicola group has been extensively 
examined by Dye (34). However, there is considerable dis¬ 
agreement on the taxonomic arrangement and ecology of this 
group. Some members of the genus Erwinia have been isolated 
as plant pathogens. On the other hand, Buchanan and Gibbons 
and Dye indicated that E. herbicola and its varieties gen¬ 
erally exist as plant saprophytes or as epiphytic flora of 
certain trees (9, 34). Although the use of plant pathogens 
would negate the purpose of regulating forest insect pests, 
the spraying of plant saprophytes, existing as part of the 
resident flora on trees, would constitute a sound approach 
in the microbial control of insects. Dubois indicated that 
the resident microorganisms acquired by L. dispar larvae re¬ 
flected the microflora present in the forest environment on 
the decaying leaves and woody matter associated with trees 
(31). Since Erwinia herbicola biotypes are quite common among 
the gypsy moth isolates it seems likely that these microbes 
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may be saprophytic residents characteristic of the forest 
environment. The use of these microorganisms as biological 
control agents, if proven to be nonpathogenic to plants, 
would constitute an ecologically sound approach whereby new 
elements would not be introduced into an already complex en¬ 
vironment. 
Other bacteria belonging to the genus Bacillus were 
also characterized and shown to be strong chitinase produ¬ 
cers. However, since gram-positive isolates demonstrated 
lower pathogenicity against gypsy moth larvae than did E. 
herbicola isolates, no attempt was made to identify gram¬ 
positive strains to the species level* Nevertheless, cul¬ 
tural studies were conducted on gram-positive strains to 
characterize chitinolytic and proteolytic enzymes, since 
gram-positive chitinolytic bacteria showed some pathogenic¬ 
ity to the gypsy moth in other studies (31). 
As indicated above, cultural studies were conducted 
in an attempt to maximize chitinase production and standard¬ 
ize growth conditions since preliminary bioassays produced 
variable results. The data presented in Figures 3-6 demon¬ 
strated that gram-negative isolates produced as much as ten 
fold higher chitinase activity on both crude commercial and 
purified colloidal chitin than did gram-positive strains. 
In addition, cultures grown on crude commercial chitin gen¬ 
erally produced twice as much chitinase activity as that 
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produced by the same strains grown on purified chitin. 
This may be due to the altered structure of purified chitin. 
Hackman indicated that "colloidal chitin" is partially de¬ 
graded and is precipitated from mineral acids as a-chitin 
regardless of its naturally occurring form (46). He fur¬ 
ther stated that a-chitin is more difficult to hydrolyze 
than is 3-chitin. Although crude chitin is predominantly 
a-chitin, some B-chitin could exist. Purified chitin was 
deficient in protein in addition to being partially degraded. 
In contrast, crude chitin provided a substrate of undefined 
constitution containing various proteins, lipids and inor¬ 
ganic compounds as well as chitin. The nitrogen sources in 
purified chitin medium included ammonium sulfate, the N- 
acetyl moiety of chitin monomers and the casamino acid sup¬ 
plement. Since higher bacterial numbers and more consistent 
growth were recorded for the chitinolytic strains grown on 
crude chitin, the availability of protein and other substances 
may have enhanced growth and hence chitinase activity. In 
addition, crude chitin provided a large surface area which 
has been shown to be responsible for enhanced chitinase 
activity (83). In contrast to the above findings, higher 
chitinase activity was reported on purified colloidal chi¬ 
tin than on crude chitin (87). However, the chitinase used 
in this study was extracted from the digestive tract of 
snails. 
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Chitinase activity for chitinolytic strains reached 
a maximum and stabilized for long periods (e.g., at least 
25 days) following the decline of viable bacteria on both 
crude and purified chitin. However, a slight decrease in 
chitinase activity was observed just subsequent to the time 
cultures reached maximum chitinase levels. The stability of 
chitinase at temperatures between -70°C and 37°C has been 
demonstrated by other researchers. Tracy indicated that 
the half-life of crude dialyzed chitinase was extended from 
40 days at 37°C to 230 days when stored at 5°C (132). Winicur 
et al. similarly reported that their Drosophila chitinase 
was extremely stable (141). 
The elaboration of chitinase by gram-negative L. 
spar isolates was further elucidated by comparing enzyme 
activities with bacterial growth. Chitinase was shown to 
accumulate during exponential and stationary growth phases 
of cultures. In addition, chitinase activity continued to 
increase subsequent to culture senescence and death, indi¬ 
cating that the enzyme may continue to be released after cell 
lysis occurred. The enzyme may exist as both an endocel- 
lular and exocellular enzyme possibly serving a function 
in cell autolysis. Chitinase and 8~D—glucosidase activity 
have been correlated with autolytic activity in the mycelia 
of three species of fungi by Ko and Lockwood (67). Iten 
and Matile also presented evidence that chitinases are 
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responsible for the autolysis of mature fruiting bodies of 
Coprinus lagopus (54) . 
Chitinase per se has not been implicated previously 
in bacterial cell autolysis. However, several researchers 
have examined autolytic factors in both gram-positive and 
gram-negative bacteria (42, 82). Although lysozyme has been 
shown to be the major enzyme responsible for cell autolysis 
in most bacterial species, some bacteria have been shown 
to possess cell wall lytic enzymes differing from lysozyme 
(127). Greenberg et al. demonstrated an autolytic substance 
produced by an aerobic sporeformer which possessed charac¬ 
teristics similar to chitinase that included a pH optimum 
between 5.0 and 5.5 (42). Strange indicated that greater 
degradation of vegetative cell wall peptides occurred in the 
presence of an extract containing a chitinase (127) . These 
findings support the possibility that chitinase may be re¬ 
leased predominantly following cell lysis and may even assume 
a function in the lytic process. 
The elaboration of chitinase by chitinolytic isolates 
grown on proteinaceous substrates followed the same pattern 
as release of the enzyme on chitin-containing media. How¬ 
ever, chitinase activity was much lower on substrates devoid 
of ohitin. Although the absence of chitin did not preclude 
the synthesis of chitinase, chitin served as a superior in¬ 
ducer to other substrates. Chitinase activity was observed 
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on both proteinaceous substrates and on glucose, but the lat¬ 
ter was found to be a poor inducer of the enzyme. Monreal 
and Reese and Morrissey et al. were unable to induce chitin- 
ase activity using glucose as a substrate (83, 86). How¬ 
ever, Morrissey et al. reported some chitinase activity when 
peptones or yeast-extract were used for the growth of an 
Arthrobacter sp. (86). The results presented in Table 6 cor¬ 
roborated those reported above. Chitinase produced by L. 
dispar isolates demonstrated characteristics of both a con¬ 
stitutive enzyme and an adaptive enzyme. This phenomenon 
has also been reported by Jeuniaux who indicated that although 
chitinase may be synthesized in the absence of substrate, 
the addition of chitin to culture media greatly enhanced 
enzyme activity (57). 
Similar to chitinase, protease activity was higher 
on crude than purified chitin. As indicated earlier, this 
may reflect the enhanced growth of isolates on crude chitin 
over purified chitin. However, protease was elaborated by 
strains grown on chitinous substrates in a different manner 
than chitinase. Protease production followed the same pat¬ 
tern as bacterial growth, whereby protease was predominantly 
released during exponential and stationary growth of the cul¬ 
ture after a short lag period. Protease activity declined 
during the senescent phase of the culture. The production 
of proteases by these strains was characteristic of a typical 
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constitutive exocellular enzyme. The data presented in 
Table 6 confirmed the constitutive nature of strain CH501B 
protease since protease titers were very close irrespective 
of the substrate upon which this strain was cultured. 
Maximization of chitinase and protease production 
through the establishment of standardized growth conditions 
was aimed at enhancing pathogenicity of chitinolytic strains 
against gypsy moth larvae. However, physiological factors 
in the insect pest served as additional barriers to patho¬ 
genic invasion by chitinolytic microorganisms. Since chi¬ 
tinolytic activity for L. dispar isolates was shown to be 
optimum in the acid pH range, the alkaline pH of the larval 
mesenteron was viewed as a potential limiting factor to the 
action of chitinase on the peritrophic membrane. 
During the isolation of fermentative microorganisms 
capable of lowering midgut pH both bacterial and fungal 
isolates were recovered. Fungal isolates constituted a sub¬ 
stantial portion of the microbial flora associated with 
gypsy moth larvae. This may be a result of acidic forest 
soils which favored an increased fungal flora (1). Wander¬ 
ing caterpillars (Instar IV) frequently come into contact 
with plant matter, decomposing foliar debris and the forest 
soil environment and hence larvae acquire a microflora repre¬ 
sentative of these environments (69). Among bacterial iso¬ 
lates (113 total isolates) wide variability occurred in the 
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genera recovered. Campbell and Podgwaite characterized the 
aerobic bacterial pathogens in the disease complex of gypsy 
moth larvae (15). These researchers isolated a wide range 
of bacteria including: Bacillaceae and Lactobaci1laceae 
among gram-positive isolates and Enterobacteriaceae, 
Pseudomonadaceae and Achromobacteriaceae among gram-negative 
isolates. Although a diversity of isolates were recovered 
in the present study, only members of the Bacillaceae and 
Lactobacillaceae were selected as strong fermenters. Among 
the isolates subjected to the fermentation scheme presented 
in Figure 1, only 21% of the bacteria were found to be strong 
fermenters. 
Prior to the administration of combinations of chi- 
tinolytic microorganisms and pH poising agents (fermentative 
bacteria, entomopathogens or acidic compounds) in bioassays, 
an assessment was made of the impact of poising agents fed 
by themselves in vivo. This was accomplished through the 
dissection of larvae to which doses of each respective pois¬ 
ing agent were administered. The administration of acidic 
compounds to gypsy moth larvae over an eight hour period re¬ 
sulted in an effective decline in midgut pH. Citric and 
ascorbic acids were the most effective in altering larval 
midgut pH, while boric acid exerted only a minor effect on 
the pH of the mesenteron. These results reflect the inability 
of the buffering capacity within the larval midgut to coun¬ 
teract the effect of specific acidic compounds over a short 
period. 
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When acidic compounds were fed to bioassay larvae 
by themselves a lethal response occurred in only a small per¬ 
cent of exposed larvae. However, when combinations of acidic 
compounds and chitinolytic microbes were administered, syner¬ 
gistic increases in mortality were achieved over doses of 
chitinolytic bacteria alone. Since acidic compounds were 
shown to be nontoxic when administered alone, the enhanced 
lethality in combined doses was apparently due to the de¬ 
crease produced in midgut pH by acidic compounds. The op¬ 
timum pH for activity of chitinases produced by gram-nega¬ 
tive isolates was shown to be between 5.5 and 6.1. Although 
values of mean midgut pH were somewhat higher than the pH 
optimum for chitinase following exposure to acidic compounds, 
restricted portions of the midgut pH declined to values close 
to this optimum. Therefore, the improved efficacy of com¬ 
bined doses seems to have been a result of increased attack 
and hydrolysis of the chitinous layer of the peritrophic mem¬ 
brane by chitinases. Degradation of the peritrophic membrane 
may have been confined to localized regions distributed spor¬ 
adically throughout the mesenteron where declines in pH were 
greatest. Presumably the production of lesions, even to con¬ 
fined regions of the peritrophic membrane, predisposes lar¬ 
vae to infections, disrupts electrolyte balance within lar¬ 
vae and enhances leakage of toxic compounds from the midgut 
into the hemolymph. The use of chemicals, including acidic 
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compounds, as stressors or synergistic additives to enhance 
larval susceptibility to pathogens has been attempted by 
other researchers (30, 144). Yadava used boric acid among 
other chemicals to enhance the lethality of a virus (144) . 
Doane used the same compound to improve the action of B. 
thuringiensis against gypsy moth larvae (30). However, 
the reason for the improved efficacy when acidic additives 
were used was not elucidated. Since many strains of B. 
thuringiensis have been shown to produce chitinase one ex¬ 
planation for the improved efficacy of B. thuringiensis was 
the action of a chitinase on the peritrophic membrane (31). 
Lethal doses of the entomopathogen, B. thuringiensis 
also produced a reduction in mesenteron pH of larvae. On 
the other hand, sublethal doses of B. thuringiensis were 
effective at reducing midgut pH for only a short period (e.g., 
the pH returned to normal by 12 hr after ingestion of sub- 
lethal doses). In addition, a nonlethal strain (strain 
EW-2) was incapable of altering midgut pH. The solubiliza¬ 
tion of the 6—endotoxin produced by B. thuringiensis has 
been shown to be responsible for the reduction in midgut pH 
(18, 48). Apparently, the 6-endotoxin is soluble only with¬ 
in the alkaline midguts of certain Lepidoptera (11). The 
results shown in Table 9 corroborated former evidence indi¬ 
cating that B. thuringiensis effectively reduced midgut 
pH. Figure 16 and 18 further illustrated the drastic 
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reduction in midgut pH produced by lethal concentrations of 
B. thuringiensis. 
Bioassay results confirmed the contention that LC5Q 
(i.e., lethal concentration at which 50% mortality was pro¬ 
duced) doses of B. thuringiensis (strain HD-10), when added 
to crude culture aliquots or crude supernatants from centri¬ 
fuged cultures, produced additive increases in larval mor¬ 
tality. Additionally, the incubation period of larval in¬ 
fections (LT5q values) was shortened in combined treatments. 
Combinations of chitinase and low doses of B. thuringiensis 
^LC20 doses or below) also produced increased mortality over 
the B. thuringiensis doses fed by themselves. However, mor¬ 
talities were often lower in these combinations than when 
cbitinase was administered at the same dilution without B. 
thuringiensis (LC^q doses) additives. The explanation for 
this is unknown, but apparently chitinase and low doses of 
— * thuringiensis resulted in some inhibition of chitinase 
activity. 
These results support the work of Canadian researchers 
who demonstrated that an effective increase in lethality oc¬ 
curred when chitinase was added to B. thuringiensis prepara¬ 
tions against the spruce budworm (85, 114, 115). Smirnoff 
was the first to indicate that the function of chitinase was 
to hydrolyze the chitinous layer of the peritrophic membrane 
covering the gut wall of certain Lepidopterous larvae (113) 
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The results presented in this dissertation corroborate the 
work of Smirnoff and others demonstrating that chitinase im¬ 
proved the efficacy of B. thuringiensis against another 
Lepidopterous pest. However, the present research is the 
first to demonstrate that pH of the larval mesenteron of 
Lepidoptera is a major barrier to the action of chitinase 
on the peritrophic membrane. 
It was further hypothesized that fermentative bacter¬ 
ia, nonpathogenic to larvae, could poise the mesenteron pH 
enhancing chitinolytic degradation of the peritrophic mem¬ 
brane. The results supported this hypothesis since fermen¬ 
tative alkaline-tolerant bacteria, when added to crude ali¬ 
quots from cultures of chitinolytic microbes and cell-free 
extracts containing chitinase, produced synergistic increases 
in mortality. In addition, fermentative bacteria, effectively 
lowered mesenteron pH when fed to gypsy moth larvae. There¬ 
fore, these results strongly support the contention that a 
poising of midgut pH produced enhanced action by chitinase 
on the peritrophic membrane increasing larval susceptibility 
to infection. As a further confirmation that the principle 
role of fermenters was in poising pH, insect cadavers dis¬ 
played a symptomatology and mode of death when chitinase- 
fermenter combinations were used that correlated closely with 
the type of infection produced in larvae exposed only to 
chitinase. 
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The use of fermentative bacteria, capable of growth 
and acid production from carbohydrate metabolism within the 
gypsy moth gut, was based on the hypothesis that bacteria 
selected from the resident flora would be ecologically more 
effective in adapting to and proliferating within the ali¬ 
mentary tract of insects than bacteria obtained from unre¬ 
lated environments. For this reason fermentative alkalophilic 
bacteria (members of the fecal streptococcal group) obtained 
from an aquatic environment were similarly used to poise 
larval midgut pH. Although studies performed in culture media 
demonstrated the ability of fecal streptococci to ferment 
carbohydrates at high initial pH, these strains were not 
» 
effective at lowering midgut pH in vivo. Further, fecal 
streptococci, when added to chitinolytic strains or chitin- 
ases, were unable to enhance pathogenicity of the latter. 
These results substantiate the contention that resident 
flora from healthy larvae provide a more effective approach 
in altering the protective barriers of insect pests than 
bacteria obtained from foreign sources. 
REFERENCES 
1. Alexander, M. 1961. Introduction to soil microbiology. 
472 p. New York: John Wiley and Sons. 
2. Barger, J. H. and K. Helrich. 1975. Field test with 
helicopter applications of Gardona against 
gypsy moth in Pennsylvania. USDA Forest Service 
Research Paper NE-314, Upper Darby,.Pa. 6p. 
3. Baxby, P. and T. R. G. Gray. 1968. Chitin decomposi¬ 
tion in soil. I. Media for isolation of chitin- 
oclastic microorganisms from soil. Trans. Br. 
Mycol. Soc. 51 (2) :239-309. 
4. Benecke, W. 1905. Uber Bacillus chitinovorous einen 
chitin zersetzinden Spaltpilz. Bot. Z. 63:1127 
(as cited by reference no. 102). 
5. Benton, A. G. 1935. Chitinovorous bacteria. A pre¬ 
liminary survey. J. Bacteriol. 29:449-463. 
6. Blumenthal, H. J. and S. Roseman. 1957. Quantitative 
estimation of chitin in fungi. Biochem. J. 74: 
222-224. 
7. Braconnot, H. 1811. Recherches analytique sur la na¬ 
ture des champignon. Ann. Chim. 79:265 (as cited 
by reference no. 55). 
8. Brown, G. S. 1968. The gypsy moth, Porthetria dispar 
L. A threat to Ontario horticulture and forestry. 
Proc. Entomol. Soc. Ontario. 98:12-16. 
9. Buchanan, R. E. and N. EGibbons. 19 74. Bergy's 
manual of determinative bacteriology. 8th edi¬ 
tion. 1246 p. Baltimore: Williams and Wilkins 
Co. 
10. Bucher, G. E. 1963. Survival of populations of Strepto- 
coccus fecalis in the gut of Galleria mellonella 
during metamorphosis, and transmission of the 
bacteria to the filial generation of the host. 
J. Invert. Pathol. 5:336-343. 
146 
147 
11. Burgerjon, A. and D. Martouret. 1971. Determination 
and significance of the host spectrum of Bacillus 
thuringiensis. In: Microbial control of insects 
and mites. (Eds. Burges, H. D. and N. W. Hussey), 
p. 305-325. London: Academic Press. 
12. Campbell, R. W. 1974. The gypsy moth and its natural 
enemies. U. S. Forest Service Agr. Information 
Bull. 381: 2 7p. 
13. Campbell, R. W. 1967. The analysis of numerical changes 
in gypsy moth populations. Forest Sci. Monogr. 
15: 33 p. 
14. Campbell, R. W. 1963. The role of disease and desic¬ 
cation on the population dynamics of the gypsy 
moth, Porthetria dispar (L.). Can. Entomol. 
95 (4) :426-434 . 
15. Campbell, R. W. and J. D. Podgwaite. 1971. The disease 
complex of the gypsy moth. I. Major components. 
J. Invert. Pathol. 18:101-107. 
16. Cantwell, G. E., S. R. Dutky, J. C. Keller and C. G. 
Thompson. 1961. Results of tests with Bacillus 
thuringiensis B. against gypsy moth larvae. J. 
insect Pathol. 3:143-147. 
17. Clarke, P. H. and M. V. Tracey. 1956. The occurrence 
of chitinase in some bacteria. J. Gen. Microbiol. 
14:188-196. 
18. Cooksey, K. E. 1971. The protein crystal toxin of 
Bacillus thuringiensis: Biochemistry and mode 
of action. In: Microbial control of insects 
and mites. (Eds. Burges, -H. D. and N. W. Hussey). 
p. 247-274. London: Academic Press. 
19. Cosenza, B. J., E. A. Boger, N. R. Dubois, and F. B. 
Lewis. 1963. A simple device for dehairing in¬ 
sect egg masses. U. S. Forest Service Research 
Note NE-1, 4p. 
20. Cosenza, B. J. and F. B. Lewis. 1965. Occurrence of 
motile, pigmented Streptococci in Lepidopterous 
and Hymenopterous larvae. J. Invert. Pathol. 
7:86-91. 
21. Dadd, R. H. 1970. Arthropod nutrition. In: Chemical 
zoology. (Eds. Florkin, M. and B. T. Scheer). 
Vol. V:35-95. New York: Academic Press. 
148 
22. Dadd, R. H. 1970. Digestion in insects. In: Chemical 
zoology. (Eds. Florkin, M. and B. T. Scheer). 
Vol. V:117-145. New York: Academic Press. 
23. Daoust, R. A. and W. Litsky. 1975. Pfizer selective 
enterococcus agar overlay method for the enumera¬ 
tion of fecal streptococci by membrane filtra¬ 
tion. Appl. Microbiol. 29:584-589. 
24. Dimond, J. B. 1972. A demonstration of Bacillus thur- 
ingiensis plus the enzyme chitinase against the 
spruce budworm in Maine. Part I. Efficacy. 
Misc. Rep. Maine Agr. Exp. Sta. No. 144 (as 
cited by reference no. 85). 
25. Doane, C. C. 1971. Field application of a Streptococcus 
causing brachyosis in larvae of Porthetria dispar. 
J. Invert. Pathol. 17:303-307. 
26. Doane, C. C. 1970. Primary pathogens and their role 
in the development of an epizootic in the gypsy 
moth. J. Invert. Pathol. 15:21-33. 
27. Doane, C. C. 1967. Pathogens of the gypsy moth. In: 
Insect pathology and microbial control. (Eds. 
Van der Laan, P. A.) p. 200-203. Amsterdam: 
North Holland Publishing Co. 
28. Doane, C. C. 1966. Field tests with newer materials 
against the gypsy moth. J. Econ. Entomol. 59: 
618-620. 
29. Doane, C. C. and J. J. Redys. 1970. Characteristics 
of motile strains of Streptococcus faecalis 
pathogenic to larvae of the gypsy moth. J. 
Invert. Pathol. 15:420-430. 
30. Doane, C. C. and R. C. Wallis. 1964. Enhancement of 
the action of Bacillus thuringiensis var. thur- 
is (B.) on Porthetria dispar in laboratorv 
tests. J. Insect Pathol. 6 :423-429. 
31. Dubois, N. R. 1977. Pathogenicity of selected resi¬ 
dent microorganisms of Lymantria dispar L. after 
induction for chitinase. Ph.D. Thesis, Univer¬ 
sity of Massachusetts. 
32. Dubois, N. R. 1968. Laboratory batch production of 
Bacillus thuringiensis spores and crystals. 
Appl. Microbiol. 16:1098-1099. 
149 
33. Dunbar, D. M. and H. K. Kaya. 1972. Bacillus thuringien 
sis: Control of the gypsy moth and elm spanworm 
with three new commercial formulations. J. Econ. 
Entomol. 65:1119-1121. 
34. Dye, D. W. 1969. A taxonomic study of the genus Erwinia 
III. The "herbicola" group. New Zealand J. 
Sci. 12:223-236. 
35. Fange, R., G. Lundblad, and J. Lind. 1976. Lysozyme 
and chitinase in blood and lymphomyeloid tissue 
of marine fish. Marine Biology 36:277-282. 
36. Fisher, E. H. and E. A. Stein.1960. Cleavage of 0- 
and S-glycosidic bonds. In: The enzymes. (Eds. 
Boyer, P. D.) Vol. 4:301-312. New York: Aca¬ 
demic Press. 
37. Gabriel, B. P. 1968. 
entomophthorous 
70-81. 
Enzymatic activities of some 
fungi. J. Invert. Pathol. 11: 
38. Gabriel, B. P. 1968. Histochemical study of the in¬ 
sect cuticle infected by the fungus Entomophthora 
coronata. J. Invert. Pathol. 11:82-89. 
39. Glaser, R. W. 1915. Wilt of gypsy-moth caterpillars. 
J. Agr. Res. 4:101-128. 
40. Gray, T. R. G. and P. Baxby. 1968. Chitin decomposi¬ 
tion in soil. II. The ecology of chitinoclas- 
tic microorganisms in forest soil. Trans. Br. 
Mycol. Soc. 51 (2) -.239-309 . 
41. Gray, T. R. G., P. Baxby, I. R. Hill, and M. 
1968. Direct observation of bacteria 
In: Ecology of soil bacteria. (Eds. 
R. G. and D. Parkinson). P. 172-197. 
Liverpool University Press. 
Goodfellow. 
in soil. 
Gray, T. 
Liverpool: 
42. Greenberg, R. A. and H. 0. Halvorson. 1955. Studies 
on an autolytic substance produced by an aerobic 
sporeforming bacterium. J. Bacteriol. 69:45-50. 
43. Gulij, V. V. and M. A. Golosova. 1975. Virusy v zash— 
chite lesa ot vrednych nasekomych. Lesnaya Promy- 
shlennost, Moskva, 166 p. (as cited by Lipa, J. 
J. 1977. Book review. J. Invert. Pathol. 30: 
125-126.). 
150 
44. Hackman, R. H. 1971. The integument of arthropoda. 
In: Chemical zoology. (Eds. Florkin, M. and 
B. T. Scheer). Vol. VI:l-62. New York: Aca¬ 
demic Press. 
45. Hackman, R. H. 1962. Studies on chitin. V. Action 
of mineral acids on chitin. Austr. J. Biol. 
Sci. 15:526-537. 
46. Hackman, R. H. and M. Goldberg. 1964. New substrates 
for use with chitinases. Anal. Biochem. 8:397- 
401. 
47. Heimpel, A. M. 1955. The pH in the gut and blood of 
the larch sawfly, Pristiphora erichsonii (Htg.), 
and other insects with reference to the patho¬ 
genicity of Bacillus cereus Fr. and Fr. Can. 
J. Zool. 33:99-106. 
48. Heimpel, A. M. and T. A. Angus. 1959. The site of 
action of crystalliferous bacteria in Lepidoptera 
larvae. J. Insect Pathol. 1:152-170. 
49. Hinckley, A. D. 1972. The gypsy moth. Environment. 
14:41-47. 
50. Hitchcock, S. W. 1965. Field and laboratory studies 
of DDT and aquatic insects. Conn. Agr. Exp. 
Sta. Bull. 668:1-31. 
51. Hood, M. A. and S. P. Meyers. 1977. Chitin degrada¬ 
tion in estuarine environments and implications 
in crustacean biology. Abstract. First Inter¬ 
national Conference on Chitin/Chitosan: Boston, 
Ma. Paper no. 44. 
52. House, H. L. 1974. Digestion. In: The physiology 
of insects. (Ed. Rockstein, M.) 2nd ed. 5:63—117. 
New York: Academic Press. 
Hsu, S. C. and J. L. Lockwood. 1975. Powdered chitin 
agar for enumeration of actinomycetes in water 
and soil. Appl. Microbiol. 29:422-426. 
Iten, W. and P. Matile. 1970. Role of chitinase and 
other lysosomal enzymes of Coprinus lagopus 
in the autolysis of fruiting bodies. J. Gen. 
Microbiol. 61:301-309. 
54. 
151 
55. Jeanloz, R. W. 1963. Mucopolysaccharides (acidic 
glycosaminoglycans). In: Comprehensive biochem¬ 
istry. Carbohydrates. (Eds. Florkin, M. and E. 
Stotz). Vol 5:262-296. Amsterdam: Elsevier 
Publishing Co. 
56. Jeuniaux, C. 1971. Chitinous structures. In: Com¬ 
prehensive biochemistry. Extracellular and sup¬ 
porting structures. (Eds. Florkin, M. and E. 
Stotz). Vol. 26c:595-632. Amsterdam-: Elsevier 
Publishing Co. 
57. Jeuniaux, C. 1966. Chitinases. In: Methods of enzy- 
mology. (Eds. Colwick, S. P. and N. Kaplan). 
Vol. VIII:644-650. New York: Academic Press. 
58. Jeuniaux, C. 1963. Chitine et chitinolyse. 181 p. 
Paris: Masson et Cie Editeurs. 
59. Jeuniaux, C. 1961. Chitinase: An addition to the 
list of hydrolases in the digestive tract of ver¬ 
tebrates. Nature. 192:135. 
60. Jeuniaux, C. 1959. Studies on chitinases. II. Pur¬ 
ification of the chitinase of a Streptomycete 
and electrophoretic separation of different chi- 
tinolytic enzymes. (In French, English summary). 
Arch. Intern. Physiol. Biochim. 67:597-617. 
61. Jeuniaux, C. 1957. Purification of a Streptomyces 
chitinase. Biochem. J. 66:29. 
62. Jeuniaux, C. and C. Cornelius. 1977. Distribution 
and activity of chitinolytic enzymes in the diges¬ 
tive tract of birds and mammals. Abstract. 
First International Conference on Chitin/Chitosan: 
Boston, Ma. Paper no. 41. 
63. Karrer, #<P. and A. Hofmann. 1929. Polysaccharide XXXIX. 
Uber den enzymatischen abbau von chitin und 
chitosan. Helv. Chim. Acta. 12:616 (as cited 
by reference no. 102). 
64. Kegg, J. D. 1971. The impact of gypsy moth repeated 
defoliation of oak in New Jersey. J. Forest 
69:852-854. 
65. Kimura, S. 1973. The control of chitinase activity 
by ecdysterone in larvae of Bombyx mori. J. 
Insect Physiol. 19:115-123. 
152 
Kirkland, A. H. and F. J. Smith. 1898. Digestion in 
the larvae of the gypsy moth. Mass. State board 
Agr. Ann. Rep. Publ. Doc. 9(4):394-401. 
Ko, W. and J. L. Lockwood. 1970. Mechanism of lysis 
of fungal mycelia in soil. Phytopathol. 60: 
148-154. 
Leonard, D. E. 1974. Recent developments in ecology 
and control of the gypsy moth. Ann. Rev. Entomol. 
19:197-229. 
Leonard, D. E. 1970. Feeding rhythm in larvae of the 
gypsy moth. J. Econ. Entomol. 63:1454-1457. 
Leopold, J. and A. Samsinakova. 1970. Quantitative 
estimation of chitinase and several other enzymes 
in the fungus Beauveria bassiana. J. Invert. 
Pathol. 15:34-42. 
Lewis, F. B. and D. P. Connola. 1966. Field and labor¬ 
atory investigations of Bacillus thuringiensis 
as a control agent for gypsy moth, Porthetria 
dispar (L.). USDA Forest Service Research Paper 
NE-50. 39p. 
Lewis, F. B., N. R. Dubois, D. Grimble, W. Metterhouse 
andJ. Quimby. 1974. Gypsy moth: Efficacy of 
aerially-applied Bacillus thuringiensis. J. 
Econ. Entomol. 67:351-3541 
London, J. P. and M. D. Appleman. 1962. Oxidative 
glucose and glycerol metabolism of two species 
of enterococci. J. Bacteriol. 84:597-598. 
Lowry, O. H., N. J. Rosebrough, A. L. Farr and R. J. 
Randall. 1951. Protein measurement with the 
folin phenol reagent. J. Biol. Chem. 193:265- 
275. 
• V• R* 1974. Versuche mit insektenpathogenen 
polyederviren und chemischen stressoren zur be- 
kampfung forstschadlicher raupen. Z. angew. 
Entomol. 76:49-65. 
Lundblad, G., B. Hederstedt, J. Lind and M. Steby. 
1974. Chitinase in goat serum. Preliminary pur¬ 
ification and characterization. Eur. J. Biochem 
46 : 367-376. 
153 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
Lysenko, 0. 1976. Chitinase of Serratia marcescens 
and its toxicity to insects. J. Invert. Pathol. 
27:385-386. 
Magnoler, A. 1968. Laboratory and field experiments 
on the effectiveness of purified and non-puri- 
fied nuclear polyhedrosis virus of Lymantria 
dispar L. Entomophaga 13:335-344. 
Marshall, J. 1939. The hydrogen ion concentration of 
the digestive fluids and blood of the codling 
moth larvae. J. Econ. Entomol. 32:838-843. 
McCay, R. E. and W. B. White. 1973. Economic analysis 
of the gypsy moth problem in the northeast. I. 
Applied to commercial forest stands. USDA Forest 
Service Research Paper NE-275. 9p. 
Mercer, E. H. and M. F. Day. 1952. The fine struc¬ 
ture of the peritrophic membrane of certain in¬ 
sects. Biol. Bull. 103:384-394. 
Mitchell, P. and J. Moyle. 1957. Autolytic release 
and osmotic properties of protoplasts from 
Staphylococcus aureus. J. Gen. Microbiol. 16: 
184-194. 
Monreal, J. and E. T. Reese. 1969. The chitinase of 
Serratia marcescens. Can. J. Microbiol. 
15:689-696. 
Morris, J. G. 1960. Studies on the metabolism of 
Arthrobacter globiformis. J. Gen. Microbiol. 
22:564-582. 
Morris, 0. N. 1976. A 2-year study of the efficacy 
of Bacillus thuringiensis-chitinase combinations 
in spruce budworm control. Can. Entomol. 108: 
225-233. 
Morrissey, R. F., E. P. Dugan and J. S. Koths. 1976. 
Chitinase production by an Arthrobacter sp. 
lysing cells of Fusarium roseum. Soil Biol. 
Biochem. 8:23-28. 
Muzzarelli, R. A. A. 1977. Chitin. 309 p. Oxford: 
Pergamon Press. 
Neyagawa, K. M. and R. Kodama. 1972. Utilization of 
living bacteria as insecticides. U. S. Patent 
Office Patent No. 3,642,982. 
154 
89. Nichols, J. 0. 1973. The gypsy moth. Pa. Dept, of 
Environmental Resourses Bureau of Forestry. 16 p. 
90. Odell, T. M. and W. D. Rollinson. 1966. A technique 
for rearing the gypsy moth, Porthetria dispar 
(L.) on an artificial diet. J. Econ. Entomol. 
59(3) .-741-742. 
91. Odier, A. 1823. Memoire sur la composition chimique 
des parties cornees des insectes. Mem. Soc. 
Hist. Nat., Paris. 1:29 (as cited by reference 
no. 55). 
92. Okafor, N. 1977. Chitin decomposition by microorgan¬ 
isms in soil. Abstract. First International 
Conference on Chitin/Chitosan: Boston, Ma. 
Paper no. 46. 
93. Otakara, A. 1963. Studies on the chitinolytic enzymes 
of black-koji mold. V. Participation of two dif¬ 
ferent enzymes in the decomposition of glycol 
chitin to constituent aminosugars. Agr. Biol. 
Chem. 27:454-460. 
# 
94. Payne, B. R., W. B. White, R. E. McCay and R. R. Mc- 
Nichols. 1973. Economic analysis of the gypsy 
moth problem in the northeast. II. Applied to 
residential property. USDA Forest Service Re¬ 
search Paper NE-285. 6 p. 
Pegg, G. E. and J. C. Vessey. 1973. Chitinase activity 
in Lycopersicon esculentum and its relationship 
to the in vivo lysis of Verticillium alboatrum 
mycelium. Physiol. Plant Pathol. 3:207-222. 
96. Podgwaite, J. D. and R. W. Campbell. 1972. The disease 
complex of the gypsy moth. II. Aerobic bacter¬ 
ial pathogens. J. Invert. Pathol. 20:303-308. 
97. Podgwaite, J. D. and B. J. Cosenza. 1976. A strain 
of Serratia marcescens pathogenic for larvae of 
Lymantria dispar: Characterization. J. Invert 
Pathol. 27:185-190. 
98. Podgwaite, J. D. and B. J. Cosenza. 1976. A strain 
of Serratia rnarcescens pathogenic for larvae of 
Lymantria dispar: Infectivity and mechanisms of 
pathogenicity. J. Invert. Pathol. 27:199-208. 
155 
99. Powning, R. F. and H. Irzykiewicz. 1963.. A chitinase 
from the gut of the cockroach, Periplaneta 
americana. Nature 200:1128. 
100. Reed, R. W. and G. B. Reed. 1948. Drop plate method 
of counting viable bacteria. Can. J. Res. E. 
26:317-326. 
101. Reissig, J. L., J. L. Strominger and L. F. Lelior. 
1955. A modified colorimetric method for the 
estimation of N-acetylamino sugars. J. Biol. 
Chem. 217:959-966. 
102. Reynolds, D. M. 1954. Exocellular chitinase from a 
Streptomyces sp. J. Gen. Microbiol. 11:ISO- 
159. 
103. Richards, A. G. 1951. The integument of arthropods. 
411 p. Minneapolis: University Minnesota Press. 
104. Rittenberg, S. C., D. Q. Anderson and C. E. Zobell. 
1937. Studies on the enumeration of marine an¬ 
aerobic bacteria. Proc. Soc. Exp. Biol, and Med. 
• 35:652-653. 
105. Rollinson, W. D., F. B. Lewis and W. E. Waters. 1965. 
The successful use of nuclear-polyhedrosis virus 
against the gypsy moth. J. Invert. Pathol. 7: 
515-517. 
106. Rudall, K. M. 1963. The chitin/protein complexes of 
insect cuticles. In: Advances in insect phy¬ 
siology. (Eds. Beament, J. W. L., J. E. Treherne 
and V. B. Wigglesworth). p. 257-313. New York: 
Academic Press. 
107. Ruiz-Herrera, J. 1977. The distribution and quanti¬ 
tative importance of chitin in fungi. Abstract. 
First International Conference on Chitin/Chitosan 
Boston, Ma. Paper no. 3. 
108. Saxena, S. C. and K. Sarin. 1972. Chitinase in the 
alimentary tract of the lesser mealworm, Alphito- 
bius diaperinus (P.) (Coleoptera: Tenebrionidae) 
Appl. Entomol. Zool. 7:94. 
109. Sharon, N. 1965. Distribution of amino sugars in 
microorganisms, plants and invertebrates. In: 
The amino sugars. The chemistry and biology of 
compounds containing amino sugars. (Eds. Balazs, 
E. A. and R. W. Jeanloz). Vol. IIA: 2-44. 
New York: Academic Press. 
156 
110. Skerman, V. B. D. 1959. A guide to the identification 
of the genera of bacteria. 217 p. Baltimore: 
Williams and Wilkins Co. 
111. Skujins, J. J., H. J. Potgieter and M. Alexander. 1965. 
Dissolution of fungal cell walls by a Streptomy- 
cete chitinase and 6(1+3) glucanase. Arcnives 
of Biochem. and Biophys. 111:358-364. 
112. Skujins, J. J., A. Pukite and A. D. Me Laren. 1970. 
Chitinase of Streptomyces sp. Purification and 
properties. Enzymologia. 39:353-370. 
113. Smirnoff, W. A. 1977. Method of extracting chitinase 
from gastric juices and intestinal chyme of chick¬ 
ens. Abstract. First International Conference 
on Chitin/Chitosan: Boston, Ma. Paper no. 42. 
114. Smirnoff, W. A. 1974. The symptoms of infection by 
Bacillus thuringiensis + chitinase formulation 
in larvae of Choristoneura fumiferana. J. Invert. 
Pathol. 23:397-399. 
115. Smirnoff, W. A. 1973. Results of tests with Bacillus 
thuringiensis and chitinase on larvae of the 
spruce budworm. J. Invert. Pathol. 21:116-118. 
116. Smirnoff, W. A. 1971. Effect of chitinase on the 
action of Bacillus thuringiensis. Can. Entomol. 
103:1829-1831. 
^*^*7. Smirnoff, W. A. 1962. A staining method for differentiat¬ 
ing spores, crystals, and cells of Bacillus 
thuringiensis (Berliner). J. Insect Pathol. 
4:384-386. 
% 
118. Smirnoff, W. A., J. J. Fettes and R. Desaulniers. 
1973. Aerial spraying of a Bacillus thuringiensis- 
chitinase formulation for control of spruce 
budworm (Lepidoptera: Tortricidae). Can. Entomol. 
105:1535-1544. 
119. Smirnoff, W. A., A. P. Randall, R. Martineau, W. Hali- 
burtonand A. Juneau. 1973. Field tests of the 
effectiveness of chitinase additive to Bacillus 
thuringiensis (Berliner) against Choristoneura 
fumiferana (Clem.). Can. J. For. Res. 3:228-236. 
120. Smirnoff, W. A. and J. R. Valero. 1972. Metabolic 
disturbances in Choristoneura fumiferana Clemens 
infected by Bacillus thuringiensis alone or with 
chitinase added. (In French, EngXish abstract). 
Revue Canadienne de Biologie. 31 (3) :163-169. 
157 
121. Smith, D. S. 1968. Insect cells. Their structure 
and function. 372 p. Edinburgh: Oliver and 
Boyd. 
122. St. Julian, G., L. A. Bulla, E. S. Sharpe, and G. L. 
Adams. 1973. Bacteria, spirochetes and ricket- 
tsia as insecticides. In: Regulation of insect 
populations by microorganisms. (Ed. Bulla, L. 
A.). Ann. N. Y. Acad. Sci. 217:65-75. 
123. Stairs, G. R. 1972. Pathogenic microorganisms in the 
regulation of forest insect populations. Ann. 
Rev. Entomol. 17:355-372. 
124. Steinhaus, E. A. 1959. Serratia marcescens Bizio as 
an insect pathogen. Hilgardia 28:351-380. 
125. Steinhaus, E. A. 1958. Crowding as a possible stress 
factor in insect disease. Ecology 39:503-514. 
126. Stevenson, J. P. 1959. Epizootiology of a disease of 
the desert locust, Schistocerca gregaria, 
caused by nonchromogenic strains of Serratia 
marcescens. J. Insect Pathol. 1:232-244. 
127. Strange, R. E. 1959. Cell wall lysis and the release 
of peptides in Bacillus species. Bacteriol. Rev. 
23:1-7. 
128. Summers, M., R. Engler, L. A. Falcon and P. Vail. 1975. 
Baculoviruses for insect pest control: Safety 
considerations. 186 p. Washington, D. C.: 
American Society for Microbiology. 
129. Swingle, H. S. 1938. Relative toxicities to insects 
of acid lead arsenate, calcium arsenate and mag¬ 
nesium arsenate. J. Econ. Entomol. 31:430-441. 
130. Swingle, H. S. 1928. Digestive enzymes of the orien¬ 
tal fruit moth. Ann. Entomol. Soc. Amer. 21* 
469-475. 
131. Swingle, M. C. 1931. Hydrogen ion concentration within 
the digestive tract of certain insects. Ann. 
Entomol. Soc. Amer. 24:489-495. 
132. Tracey, M. V. 1955. Chitinase in some Basidiomycetes. 
Biochem. J. 61:579-586. 
158 
133. U. S. Dept. Health, Education and Welfare. 1969. Re¬ 
port of the secretary's commission on pesticides 
and their relationship to environmental health. 
677 p. Washington, D. C.: U. S. Gov. Printing 
Office. 
134. Veldkamp, H. 1955. A study of the aerobic decomposi¬ 
tion of chitin by microorganisms. Mededelingen 
Van de Landbouwhogeschool te Wageningen/Nederland. 
55(3):127-174. 
135. Vessey, J. C. and G. F. Pegg. 1973. Autolysis and 
chitinase production in cultures of Verticillium 
albo-atrum. Trans. Br. Mycol. Soc. 60:133-143. 
136. Wallis, R. C. 1957. Incidence of polyhedrosis of gypsy 
moth larvae and the influence of relative humid¬ 
ity. J. Econ. Entomol. 50:580-583. 
137. Waterhouse, D. F. 1957. Digestion in insects. Ann. 
Rev. Entomol. 2:1-18. 
138. Waterhouse, D. F. 1949. The hydrogen ion concentra¬ 
tion in the alimentary canal of larval and adult 
Lepidoptera. Austr. J. Sci. Res. Ser. B. 2:428- 
437. 
139. Weast, R. C. and S. M. Selby. 1966. Handbook of chem¬ 
istry and physics. Cleveland: The Chemical 
Rubber Co. 
140. Wigglesworth, V. B. 1951. The principles of insect 
physiology. 546 p. London: Methuen and Co., 
LTD. 
141. Winicur, S. and H. K. Mitchell. 1974. Chitinase ac¬ 
tivity during Drosophila development. J. Insect 
Physiol. 20:1795-1805. 
142. Yadava, R. L. 1971. On the chemical stressors of nu- 
clear-polyhedrosis virus of gypsy moth, Lymantria 
dispar L. Z. angew. Entomol. 69:303-311. 
143. Yadava, R. L. 1970. Influence of temperature and 
humidity on the development of nuclear—poly— 
hedrosis of Lymantria monacha L. and L. dispar 
L. (In German, English summary). Z. angiw\ 
Entomol. 65:167-174. 
159 
144. Yadava, R. L. 1970. Influence of "wasserglas" and 
boric acid as chemical stressors on the latent 
cytoplasmic polyhedrosis of Lymantria monacha 
L. (In German, English summary). Z. angew. 
Entomol. 65:175-183. 
145. Yamafugi, H. 0. and F. Yoshihara. 1951. Effect of 
chemicals on the virus infection in silkworms. 
Enzymologia 15:28-32. 
146. Yendol, W. G., R. A. Hamlen and F. B. Lewis. 1973. 
Evaluation of Bacillus thuringiensis for gypsy 
moth suppression. J. Econ. Entomol. 66:183-186. 
147. Yendol, W. G., R. A. Hamlen and S. B. Rosario. 1975. 
Feeding behavior of gypsy moth larvae on 
Bacillus thuringiensis-treated foliage. J. Econ. 
Entomol. 68:25-27. 
148. Zechmeister, L. and G. Toth. 1939. Chromatographische 
zerlegung der chitinase. Naturwissenschaften 
27: 367 (as cited by reference no. 102) . 
Zobell, C. E. and S. C. Rittenberg. 1938. The occur¬ 
rence and characteristics of chitinoclastic bac¬ 
teria in the sea. J. Bacteriol. 35:275-287. 
149. 
APPENDIX 1 
Standardization of Chitinase Production by L. dispar L. 
Isolates Grown on Chitin Broth 
Preliminary investigations were conducted to standard¬ 
ize growth of L. dispar L. isolates on chitin broth. The 
results are presented in Figures 23-26. The production of 
chitinase by strain CH134 when grown on four concentrations 
of purified chitin is shown in Figure 23. Chitinase activity 
was shown to increase as the concentration of purified chi¬ 
tin in the medium was augmented. The optimum concentration 
of purified chitin selected for growth of cultures was 1.5% 
when cost, time for preparation and ease of working with the 
substrate were considered. 
In Figure 24 is shown the effect of amending chitin 
broth with a casamino acid supplement. Chitinase activity 
of strain CH134 when cultured on chitin broth amended with 
0.2% casamino acids was not effected during the first 10 
days of culture growth. However, chitinase activity by day 
13 declined more rapidly on the medium deficient in casamino 
acids. Therefore, a casamino acid supplement was retained 
in chitin broth to enhance chitinase stability. 
In an effort to standardize growth of cultures and 
measurements of chitinase activity, three batches of puri¬ 
fied chitin used in these studies were compared for 
160 
161 
consistency. As shown in Figure 25, a close correlation 
was demonstrated in the ability of strain CH134 to produce 
chitinase on the three different batches of purified chitin. 
All three batches of chitin were used as substrate for growth 
of chitinolytic strains. However, only one batch of puri¬ 
fied chitin was selected for conducting measurements of 
chitinase levels (i.e., chitinase assays). 
To assure further consistency in chitinase assays 
the colorimetric procedure was compared to the turbidimetric 
technique (both techniques reported in Materials and Methods) . 
Essentially, the pattern of elaboration of chitinase was 
found to be similar when these techniques, were compared. 
However, chitinase activity was expressed in different units 
for each technique. As a result, the quantification of chi¬ 
tinase could not be compared on the two techniques. 
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APPENDIX II 
Bacteriological Media: 
Bacillus thuringiensis Sporulation Medium 
Ingredients per liter 
Glucose 2.0 g 
Phytone 2.0 g 
Ammonium sulfate 3.0 g 
FeSC>4 . 7 H2O 0.75 mg 
CuS04 . 5 H2O 7.50 mg 
ZnS04 . 7 H20 7.50 mg 
MnSC>4 • 7 h2° 50.00 mg 
MgSC>4 (anhydrous) 30.00 mg 
CaC12 . 2 H20 18.00 mg 
Final pH 8.05. 
Dubois, N. R., 1968 (32). 
Brain Heart Infusion Broth: 
Ingredients per liter 
Calf brains, infusion from 200.0 g 
Beef heart, infusion from 250.0 g 
Proteose peptone 10.0 g 
Glucose 2*.0 g 
Sodium chloride 5 c 0 g 
Dibasic sodium phosphate 2.5 g 
(1.5-6 agar can be added for preparation of plates) 
Final pH 7.4 
Difco Co. 
166 
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Fecal Streptococci Fermentation Medium: 
Ingredients per liter 
Yeast extract 5.0 g 
Peptone 5.0 g 
Glucose 20.0 g 
kh2po4 0.5 g 
k2hpo4 0.5 g 
MgS04 . 7 H20 0.2 g 
MnS04 . 4 H20 0.01 g 
NaCl 4.00 mg 
FeS04 . 7 H20 0.75 mg 
Final pH 7.2. 
Neyagawa, K. M. et al., 1972 (88) . 
Chitin Broth and Agar (Modified Morris Salts Medium): 
Ingredients per liter 
k2hpo4 7.0 g 
kh2po4 3.0 g 
(nh4)2S04 3.0 g 
MgS04 . 7 h2o 0.2 g 
FeCl3 . 6 h2o 17.0 mg 
CaCl2 10.0 mg 
H3BO3 5.6 mg 
MnCl4 . 4 h2o 3.7 mg 
CuS04 . 5 H20 0.4 mg 
NaMo04 . 2 H20 1.5 mg 
CoCl2 . 6 h2o 0.6 mg 
ZnSo4 . 2 h2° 0.5 mg 
Casamino . acids 2.0 g 
(1.5% agar can be added for preparation of plates. 
Carbon sources: purified colloidal chitin (1.5%) 
or crude commercial chitin (3.0%)). 
Final pH 7.2. 
Morris, J. G. 1960 (84). 
168 
Purple Broth Base Medium: 
Ingredients per liter 
Gelysate Peptone 
Sodium chloride 
Brom cresol purple 
Carbohydrate (10% solution) 
10.0 g 
5.0 g 
0.02 g 
10.0 g 
Final pH 6.8. 
BBL Co. 
Trypticase Soy Broth: 
Ingredients per liter 
Trypticase peptone 17.0 g 
Phytone peptone 3.0 g 
Sodium chloride . 5.0 g 
K2HP04 2.5 g 
Glucose 2.5 g 
(1.5% agar can be added for preparation of plates) 
Final pH 7.3. 
BBL Co. 
Synthetic diet; 
Gypsy moth Rearing Medium: 
Ingredients per liter 
Agar 24.19 
Ground wheat germ 64.57 
Cholesterol 3.87 
Salts Wesson 12.90 
Locust bean gum 6.45 
Casein 32.25 
169 
Fiber 38.71 g 
Inositol 0.26 g 
Ascorbic acid 6.45 g 
Sorbic acid 1.55 g 
Methyl p-hydroxybenzoate 1.23 g 
Fructose 11.61 g 
Glucose 11.61 g 
Coconut oil 1.29 g 
Choline chloride 1.29 g 
Vitamin mix #722 1.94 g 
Aureomycin 2.65 g 
Final pH 7.3. 
Bioserv Corp. 

